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ABSTRACT 
The sun is able to produce enough energy to fulfil the global energy demand. 
However, the intermittency of solar energy supply demands the development of suitable 
energy storage technologies. Photoelectrochemical devices (PECs), which harness 
sunlight to perform water electrolysis to produce hydrogen and oxygen, integrate a solar 
cell, electrocatalyst and electrolyte to achieve chemical energy storage. Constructing a 
PEC device, it is necessary to consider that water electrolysis requires at least 1.23 V. 
Moreover, characteristics such as being up-scalable, using abundant materials, being 
low-cost, robustness and high efficiency are essential for the PEC to be industrialised. 
Polymer solar cells (PSCs) are promising technologies for the PV component due to 
their anticipated low-cost and solution processability. However, the highest reported 
photovoltage single junction PSC is still below the minimum voltage required for water 
electrolysis. 
To solve this issue, tandem structures can increase the photovoltage in a cost-
effective manner and methodology to achieve this without raising the 
material/manufacturing cost significantly. The challenge remains to find materials that 
possess these characteristics and that can be optimised for both optical and electronic 
properties for thin multilayer stacking by solution processing without damaging the 
underlying layers. 
There is a need to develop the interfacial layer between the two junctions which 
constitute the tandem structure, charge carrier collection efficiency, work function 
alignment, and reduction of charge recombination. These parameters are directly related 
to the PSC efficiency, especially the VOC. With these points of view, this thesis aims to 
fabricate, optimise, and characterise polymer tandem solar cells with high photovoltage; 
beyond the required potential for water electrolysis, with reduced dependence on in 
vacuo processing, through an effective solution processable interfacial layer.  
A summary of the realisation of these aims are presented in the following paragraphs. 
In Chapter 3, three in-house solution processable electron interfacial layers 
(EIL) have been explored in terms of the extent of their influence on the VOC of PSCs. 
Compared to the fabricated without electron interfacial layer, inserting either TiOx or 
PEI interfacial layers gave the similar result with a higher VOC of 860-880 mV, as 
opposed to 820 mV to PSC respectively. It is seen that the higher VOC with both TiOx 
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and PEI may originate from the better energy alignment and /or the hole blocking at the 
aluminium side. A new electron interfacial layer was created for the first time by using a 
bilayer of TiOx and PEI (TiOx-PEI) layer. The new layer showed an excellent 
performance by increasing both VOC and FF further, leading to an impressive PCE of  
6.7 %. The increase of the VOC and FF after the inclusion of the TiOx-PEI layer can be 
attributed to the better work function alignment and better blocking of the charge 
recombination at the active layer/ electrode interface, as suggested by charge extraction 
and photovoltage decay measurements. 
Chapter 4 demonstrates a high photovoltage homo-tandem polymer solar cell 
for splitting water. The interconnecting layer (ICL) is a critical component of a tandem 
polymer solar cell comprised of hole interfacial layer (HIL) and electron interfacial 
layer. The effect of adding a non-ionic surfactant, to improve the surface 
wetting/coverage of the ICL on the active layer, as well as to improve mechanical 
robustness to protect the underneath active layer from the top active layer deposition, is 
explored. The ICL constructed from PEI/m-PEDOT: PSS showed a good solvent barrier 
and had high optical transparency and higher conductivity than the TiOx/m-PEDOT: 
PSS ICL. The homo-tandem PSC with PEI and m-PEDOT: PSS as an ICL achieved a 
high VOC of 1570 mV, (which exceeds the thermodynamic requirement to split water) 
while the homo-tandem device PSC using TiOx incorporated with m-PEDOT: PSS 
afforded a VOC of 1240 mV.  
Another motivation of this PhD project is to replace vacuum deposition 
processes in the fabrication of PSC in order to facilitate the large-scale deployment of 
this technology (in the future). Therefore, in Chapter 5, a solution processable 
molybdenum oxide (MoOx) was developed as an alternative hole interfacial layer (HIL) 
for use instead of PEDOT: PSS by using a room temperature synthesis route from 
molybdenum (VI) oxide and ammonium hydroxide. The MoOx layer showed a higher 
transparency than the PEDOT:PSS layer. The PSC fabricated from the MoOx gives a 
comparable device efficiency to the PSC using PEDOT:PSS as an HIL. The similar 
steady state and transient photovoltage at the same charge density suggest that the work 
function alignment is similar between PEDOT:PSS and MoOx. Charge extraction 
measurements showed faster recombination in the PSC using MoOx layer than the one 
with PEDOT:PSS, which suggests that the MoOx layer is not effective in reducing 
surface recombination as PEDOT:PSS. Also, homo-tandem PSCs with ICLs prepared 
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using MoOx in combination with (i) TiOx and (ii) PEI (with the aim of increasing the 
open circuit voltage of the PSCs were systematically investigated). Both ICLs have high 
optical transparency (above 88 %T). The active layer solution barrier of TiOx/MoOx or 
PEI/MoOx ICLs was also investigated. TiOx/MoOx and PEI/MoOx were not robust 
enough to prevent the dissolution of the first active layer during the deposition of the 
second sub-cell. Light harvesting competition contact form by the ICL were analysed in 
order to explained the less than expected performance. 
In Chapter 6, charge extraction measurements suggested that the major effect of 
insertion of the PEDOT:PSS is the increased charge density caused by reduced 
recombination, with further 0.2 V due to work function change. Using both 
PEDOT:PSS and TiOx-PEI together increases the charge carrier lifetime compared with 
using single interfacial layer devices. The increased charge carriers are responsible for 
better blocking of the charge recombination. In devices using the MoOx layer, charge 
extraction measurements revealed faster recombination which was the main reason for 
the lower FF, suggesting that the MoOx layer may not be as effective in reducing 
surface recombination as PEDOT:PSS. Finally, TiOx-PEI can be employed as a single 
interfacial layer which affords similar device performance and charge carrier lifetime as 
the device that uses only PEDOT:PSS. The findings presented here will benefit the 
design of organic solar cells, clarifying the role of interfacial layers in the device 
operation of organic solar cells, and will facilitate the further development of interfacial 
layers for improved performance. 
Resulted from the best homo-tandem PSC (Chapter 4) showed high open circuit 
voltage (VOC) above 1.5V, ~ 270 mV more than the minimum thermodynamic 
requirement for water electrolysis. In Chapter 7, the best homo-tandem PSC was tested 
for water electrolysis by using a non-integrated PEC configuration, along with a 
commercial GaInP/GaAs/Ge solar cells. By using an optimised pH of 1, the 
overpotentials for water splitting were minimised, allowing for hydrogen and oxygen 
production for both the PSC and commercial devices. The solar hydrogen efficiency of 
3.68% was achieved with triple junction GaInP/GaAs/Ge solar cells. 
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CHAPTER 1 
INTRODUCTION 
1.1 Introduction 
Industrial revolution has caused energy demand to increase to the level of 
terawatts. The sun is a suitable energy source to produce enough energy to fulfil the 
terawatts challenge of the global energy demand with 95.7 PW/day of illumination of 
sunlight reaching the earth’s surface.1  
 However, solar power really depends upon the weather of each day, which is 
unpredictable. The different usage time, place and generation of solar energy means that 
energy storage technologies are required. 
 The electrolysis of water, in order to obtain hydrogen gas (H2), is an alternative 
way to produce solar derived fuel. The use of water, which is an abundant resource in 
this world, is one of the benefits of this method. 
Considering photoelectrochemical devices (PECs) using sunlight as the only 
input to perform the water splitting reaction into hydrogen and oxygen, the integration 
of light absorbing material (solar cell) and electrolyser (electrocatalyst and electrolyte) 
is (needed) one of the option. 
Firstly, a solar cell is required for such device, in order to drive the reaction of 
water splitting. Secondly, the electrolyte and electrocatalysts should be compatible with 
each other. The electrocatalysts should be stable and have high activity in the 
electrolytes which are needed to facilitate the water splitting reaction. 
Moreover, some certain characteristics such as being up-scalable, abundance of 
materials, economy, robustness and high efficiency are a must-have for the device to be 
industrialized. Therefore, a PEC water splitting cell’s design is required to meet those 
criteria. 
 Equations 1.1 to 1.5 show the oxidation and reduction reactions which taking 
place during water splitting for acidic and alkaline electrolytes.  
 
In acidic (pH=0) media at 25 °C, 1 bar vs. normal hydrogen electrode (NHE):  
4H++4e- 2H2    𝐸𝑟𝑒𝑑
𝑜 = 0.000 𝑉  Eq.1.1 
 
  
2  
 
2H2O+4h+ O2+4H+   𝐸𝑜𝑥
𝑜 = 1.229 𝑉 Eq.1.2  
In alkaline media (pH=14) at 25°C, 1 bar vs. NHE:  
4H2O+4e- 2H2+4OH-     𝐸𝑟𝑒𝑑
𝑜 = −0.828 𝑉 Eq.1.3 
4OH-+4h+ O2+2H2O   𝐸𝑜𝑥
𝑜 =  0.401 𝑉 Eq.1.4 
Overall reaction:  
2H2O 2H2+O2     𝐸H2O
𝑜 = −1.229 𝑉 Eq.1.5 
 
As can be observed, independent of which electrolyte media is used, the water 
electrolysis requires 1.23V to split water into H2 and O2. In practice, water splitting 
takes place at higher potentials than 1.23 V due to the over-potentials (η) at the oxygen 
and hydrogen evolution sites. The water splitting potential can be written as: 
𝑉𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠 =  𝐸H2O
𝑜 + 𝜂𝑂2 + 𝜂𝐻2 + 𝑂ℎ𝑚𝑖𝑐 𝑙𝑜𝑠𝑠   Eq.1.6 
Where, 𝜂𝑂2 and 𝜂𝐻2 are the overpotentials at the oxygen and hydrogen evolving 
surfaces, respectively. Assuming that there are no ohmic losses in the system, typical 
water splitting potentials for PEC devices are around 1.5-1.9 V and are dependent on 
the electrocatalysts, electrolyte and rate of water splitting reaction at the electrodes. 
Thus, to perform water electrolysis by using photovoltaics, the requirement is for a 
photovoltage higher than 1.23V. At the open circuit voltage, there is no current frown 
from the solar cell. Thus, the VOC has to be higher than 1.23V. Also, the FF is one of the 
important parameters related to the maximum power output of the solar cell. The low 
FF resulted in low operating potential and power output which led to lack of electrical 
power to drive the water splitting reaction. Therefore, the FF should be high to maintain 
the operating potential to close to the VOC. 
1.2 The solar cell  
This section will briefly review the state-of-the-art in photovoltaic technologies. 
Photovoltaic cells can be found in various forms, with the goal of the photovoltaic 
technologies is to produce maximum power at minimum cost, with long lifetime and 
using low toxicity materials.  
In general, PV technologies can be categorized by the choice of the light-
absorbing material. Among PV technologies, crystalline silicon is the most widely used 
semiconductor as a light-absorbing material, representing more than 80% of the market 
share because of their high PCE (~25% using mono-crystalline silicon solar cells and 
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21% using multicrystalline silicon solar cells).2 However, because of their relatively 
small absorption coefficients in the visible light, thick light-absorbing layers (several 
hundred micrometres) are required for silicon solar cells. 
Monocrystalline silicon made from a high-purity single crystal ingot and multi-
crystalline silicon made from sawing a cast block of silicon are the two common types 
of crystalline silicon used industrially. Melting silicon powder and growing silicon 
ribbons are other examples of silicon production technologies that have been employed 
to solve the inefficiencies from single crystal boule growth/casting and wafer sawing 
processes of silicon. However, less expensive materials are needed for solar cell 
fabrication.3 
The price reductions of solar cell manufacturing are associated with the growth of 
the PV market. Also, competitive production has been developed to replace bulk 
materials with thin films. Lower material and manufacturing costs are the benefits of 
thin film technologies to produce lower cost PV. The materials employed for thin film 
light-absorbing materials are amorphous silicon (a-Si) and polycrystalline materials, 
such as cadmium telluride (CdTe) and copper indium (gallium) selenide (CIGS). The 
requirements for these materials are: strong light absorbing properties, capability of 
being deposited on relatively large substrates, can be used for high throughput 
manufacturing.  
Furthermore, low temperature processing can be used for deposition of such thin 
films, and more impurities can be tolerated because of the shorter distance for charge 
carriers to travel in the active layer as compared to crystalline silicon based solar cells. 
Advantages offered by thin-film-based solar cells can lead to lower fabrication cost per 
unit area, but typically they show lower PCE than crystalline silicon-based solar cells.4  
A number of PV technologies have emerged recently, such as approaches using 
organic materials and those that do not depend on the conventional  
p-n junction structure, such as multi-junction gallium arsenide (GaAs)-based solar cells, 
dye-sensitized solar cells (DSSCs), organic solar cells (OPV), polymer solar cell 
(PSCs), and lead methyl ammonium iodide perovskite (Perovskite solar cell).5  The 
most efficient solar cell to date is a multi-junction GaAs-based solar cell with a light 
concentrator (with a PCE of 44 %).2 In combination with a concentrator, solar cells can 
operate with increased light intensity. So, most of the solar spectrum can be used to 
generate electricity when combined with a multijunction structure. GaAs solar cells 
have the ability to generate high PCE value, however, because of the high costs and 
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toxicity, GaAs solar cells may only be utilized in special applications such as space 
exploration and satellites.6  
Two organic based technologies, DSSCs and PSCs, use organic compounds as 
light absorbing materials. The DSSC uses light absorption and charge separation by 
combining an organic photosensitizer (dye) as the light absorbing material with a 
mesoporous or nanocrystalline semiconductor.7-11 However, the highest reported PCE of 
~14 % from DSSC is still low compared to silicon-based solar cells.11,12  Also, the 
DSSC uses volatile solvents in their liquid electrolytes that can cause device 
instability.7-9,11 An emerging PV technology, namely perovskite solar cell (methyl 
ammonium lead tri-iodide perovskite), has also attractive PCE efficiency of over 20% 
and the potential to low manufacturing cost via low cost material and solution printing 
process. Perovskite solar cell, however, still faces many problems include device 
instability and the use of a toxic precursor.  
Organic and polymer solar cells (PSCs) are new technologies based on organic 
materials as a light absorber. To convert light into electricity, these technologies use a 
thin film of solid state organic semiconductors, which includes polymers and small 
organic molecules, for light absorption, charge generation and charge transport within 
the devices.13-20 PSC is a new technology that can generate the highest PCE, close to 
14 %.21-23  Current PSCs technologies are not able to match the PCE performance with 
that of the silicon solar cells. Also, it has poorer stability compared with a conventional 
silicon solar cell when exposed to the air (oxygen).24-26  On the other hand, for PSCs, 
there is the ability to tune the electrical and optical properties of organic semiconductors 
and the viability to use inexpensive, simple, and high throughput processing; thus PSCs 
have high potential as a future renewable energy source.26  
Therefore, this thesis is focussed on using PSC as a light absorbing device to drive 
the electrochemical splitting of water.   
1.3 Characterization of solar cells and solar assisted water electrolysis cells 
The power conversion efficiency of solar cells (PCE) is characterized by 
measuring the current density and voltage (J-V) characteristics under white light 
illumination. The incident light intensity is calibrated to 100 mWcm-2 of the AM 1.5 
solar spectrum. AM stands for air mass, and the number 1.5 corresponds to the inverse 
cosine of the angle determined by the incident light and the normal to the earth’s surface 
(Figure 1.1 (a)).27 Figure 1.1 (b) illustrates the spectral irradiance of the AM 1.5 solar 
 
  5 
 
spectrum. Figure 1.1 (c) presents a typical current-voltage characteristic of a solar cell 
under white light illumination, as well as the power density (P), defined as the product 
of current density (J) and voltage (V), as a function of applied voltage. The PCE of a 
solar cell is characterized by three parameters derived from the J-V characteristics under 
illumination with a known source; which includes: (i) the short-circuit current density 
(JSC), (ii) the open-circuit voltage (VOC), and (iii) the fill factor (FF). The VOC is defined 
as the maximum voltage from the solar cell. It is measured potential 
underilluminationwhen the current density (J) is 0 mA cm-2. The short circuit current 
(JSC) is defined as the maximum current density extractable from a solar cell under 
illumination, measured at zero voltage. In Figure 1.1(c), the VOC and JSC can be obtained 
from intersects of the electrical characteristics with the vertical axis for the VOC and the 
horizontal axis for the JSC. The VOC and JSC serve as the maximum voltage and 
maximum current density.  
However, at The VOC and JSC, no power is generated.  
As seen in Figure 1.1(c), the maximum power density is defined as the product of the 
maximum potential (Vmax) and maximum current (Jmax). The FF can be determined from 
the maximum power density that can be obtained from the typical J-V characteristic in 
Figure 1.1 (c). The FF is described as the ratio between Pmax and the product of VOC and 
JSC.  
𝐹𝐹 =
𝑃𝑚𝑎𝑥
𝐽𝑠𝑐×𝑉𝑜𝑐
=
𝐽𝑚𝑎𝑥×𝑉𝑚𝑎𝑥
𝐽𝑠𝑐×𝑉𝑜𝑐
                                                Eq.1.7 
 The PCE is described as: 
𝑃𝐶𝐸 =
𝐽𝑚𝑎𝑥×𝑉𝑚𝑎𝑥
𝑃𝑖𝑛
× 100 =
𝐹𝐹×𝐽𝑠𝑐×𝑉𝑜𝑐
𝑃𝑖𝑛
× 100                                        Eq.1.8 
 
where Pin denotes incident optical power density. All parameters used to describe the 
PCE are presented in Figure 1.1(c) 
The JSC is related to the generation rate and collection probability of charge 
carriers.  
                                   𝐽𝑠𝑐 = ∫ 𝑒 𝐸𝑄𝐸(𝜆)𝑛𝑝ℎ(λ)d(𝜆)                                          Eq.1.9 
where e is the elementary charge (1.6 ×10-19 C), EQE is the external quantum 
efficiency and nph(λ) is the spectral photon flux density under AM1.5 white light 
illumination. The EQE also referred to as incident-photon-to-current efficiency, is 
defined as the number of electrons collected under a short-circuit condition (ne) divided 
by the number of incident photons nph. 
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                                     𝐸𝑄𝐸(𝜆) =
𝑛𝑒
𝑛𝑝ℎ
=
𝐽𝑠𝑐
𝑃𝑖𝑛
ℎ𝑐
𝜆𝑒
                                              Eq.1.10 
Where Pin is the incident optical power density, h is Planck’s constant (6.626 
×10−34 J·s), c is the speed of light, λ is the wavelength of light. The calculated JSC is 
obtained from integrating the solar spectrum over the spectral region where the solar 
cell absorbs light.  
 
Figure 1.1 (A) air mass concept,27 (B) solar spectral irradiance at the AM 1.5 solar spectrum 27 (C) Power and 
current-density as a function of applied voltage of a solar cell under illumination.  
1.4 Photoelectrochemical cell technology 
The simple method to split water is to generate enough electrochemical potential 
to enable water electrolysis, and this can be done by connecting two or more junctions 
of solar cells in series, side-by-side.28  
 For example, 0.5 - 0.7 V can be produced by the commercial p-n junction silicon 
solar cell. 2 Therefore, at least two single junction solar cells are needed to produce 
enough photovoltage for water splitting. However, this method has some constraints, 
which are price and availability of the solar cell device, as well as the electrolysis cell, 
which leads to a $10/kg higher cost for hydrogen fuels produced by PV driven water 
electrolysis 29  
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Even though a recent solar driven water splitting system was demonstrated with 
an efficiency of over 18%, 30-32 the cost of the PV-electrolyser approach is high. It is a 
challenge to find a cheaper PV technology. For instance, one study has reported the use 
of CuInxGaxS2 (GIGS) solar cells connected in series side-by-side, which produced 
hydrogen from water with the efficiency of 8.8-10%. 33-35 The photovoltage output of a 
solar cell device depends on the light illumination, thus sunlight variation, caused by 
haze or cloud (partially shaded), might cause some problem.  
Single junction solar cells stacked in series on top of each other can also be used 
to increase the VOC besides the above-mentioned series-connected side-by-side 
configuration. The solar cell will be able to absorb a broader spectrum by connecting 
two individual junctions solar cells using complementary absorption, which will lower 
thermalisation losses, and thus create the possibility to create higher efficiency tandem 
PECs for water splitting. 
1.4.1 The solar assisted photoelectrolysis technology 
In 1972, Fujishima and Honda demonstrated a first single-step PEC 11, which 
turned out to be the first example of a PEC that uses two separate electrodes.36 The 
photoelectrode (photoanode) of this device was TiO2, where light is absorbed and water 
oxidation takes place on the TiO2 surface. Generation of the hydrogen gas (H2) was 
performed by a Pt electrode. Adjusted pH values (the process’s chemical bias) on the 
oxygen and hydrogen evolution compartments could assist water splitting.37-39  
However, the disadvantages of single-step water splitting devices are: low 
efficiencies due to limited light absorption by large band gap semiconductors (light 
absorber) in a molecular or colloidal structure, and the separation of O2 and H2 gases. 
Thus, further developments of single-step processes are based on semiconductor 
colloids as photoelectrodes composited and functionalised with co-catalysts to enhance 
water splitting. 
In photosynthesis, the combination of energy from two different wavelength 
ranges is used in the photosynthesis process (Z-Scheme of photon absorption).  
Figure 1.2 shows the simplified Z-Scheme of photon absorption, charge transfer, and 
water oxidation that take place during photosynthesis. Photon absorption occurs by the 
chlorophylls in photosystem II (PS II) and photosystem I (PS I) that are connected in 
series during the photosynthesis. The two absorptions generate the combined energy 
which is used for water oxidation catalyzed by the manganese calcium oxide cluster 
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(Mn4CaO5 in Figure 1.2) located in photosystem II. Meanwhile, NADPH is generated 
by the reduction of nicotinamide adenine dinucleotide phosphate (NADP+) in 
photosystem I. After that, NADPH and Adenosine triphosphate (ATP), which is also 
produced during photosynthesis, are used to reduce CO2 into carbohydrates in the dark 
reactions (Calvin cycle).39 
In order to increase light absorption and perform the water splitting process 
without external potential bias, similar to photosynthesis, proposals for two-step 
processes for water splitting have been advanced. Maeda et al.40 have developed a well-
known example of a two-step particle device. Water splitting in an electrolyte was 
assisted by a redox mediator, together with particles of O2 and H2 evolution 
photocatalysts (n-type and p-type materials) in the form of mixed colloids  
(Figure 1.4 (A)). The process is analogous to the Z-scheme of photosynthesis, as the 
water splitting occurs upon absorption of light by both photocatalysts (extended wider 
range for light absorption). 
 
Figure 1.2 Simplified Z-scheme diagram showing absorption, charge generation, water oxidation, and proton 
reduction taking place in a photosynthesis reaction.39 
  
The progress in photoelectrochemical water splitting devices with high %STH 
are based on the use of photoelectrodes, PV and their combinations with 
electrocatalysts. For example Grätzel’41 demonstrated a two-step water splitting device 
with a combination of  a dye-sensitized solar cell with a tungsten oxide (WO3) 
photoanode. The water splitting process could take place with the sufficient potential 
gap provided by the combined absorptions, which are created by the dye-sensitized cell 
and WO3. The solar to hydrogen conversion efficiency (%STH) was reported at 4.5%. 
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Since TiO2 (Eg = 3.2 eV) as a photoelectrode has limited absorption and efficiency, 
other metal oxides such as WO3 (Eg = 2.7 eV),42 Fe2O3 (Eg = 2.3 eV),43 and BiVO4 (Eg 
= 2.4 eV),44 which can absorb wider in the visible range, have been extensively studied 
as photoanodes.45 These materials have suitable band edges for the water oxidation 
reaction and a good stability against photocorrosion in aqueous electrolytes.46,47 Even 
though their band gaps are sufficient for water splitting (>2.0 eV), the conduction bands 
of these metal oxides are energetically not suitable for hydrogen evolution reaction. 
Hence, external bias is required to perform water splitting with these semiconductors.  
A combination of PV and electrolysis in an integrated design for a monolithic 
device composed of a solar cell and electrocatalysts is another approach for PEC 
(Figure 1.3). In this case, to provide sufficient potential and boost the efficiency 
simultaneously, series connected multiple absorber materials are used in these solar 
cells. Licht et al.,30 have developed a remarkable solar water splitting device of this type 
by combining a-Si/AlGa0.15As0.85 tandem solar cell with RuO2 and Pt electrocatalysts for 
oxygen and hydrogen evolution reactions (OER and HER) respectively. The way this 
device works is quite similar to the photosynthesis Z-scheme which combined two 
different ranges of the photons absorbed by series connected Si and AlGa0.15As0.85 cells. 
Significantly, high %STH of 18.3% has been achieved by this PEC water splitting cell. 
Figure 1.3 shows the absorption of two photons to provide sufficient potential for water 
splitting in a typical series connected tandem solar cell. 
 A stand-alone solar water-splitting device has been reported by Reece et al in 
2011.48 The solar-powered water-splitting cell (monolithic PEC) was composed of a 
triple junction amorphous silicon solar cell in combination with earth-abundant cobalt 
oxide (CoO) and nickel molybdenum zinc (NiMoZn) catalysts. The monolithic device 
showed a %STH of 2.5% with the aim of keeping the cost down.  
Nowadays, interconnecting PV cells with commercial alkaline or PEM 
electrolysers are used as a base for the large scale application as a well-developed 
method of solar hydrogen production.49 Significant yields of %STH can be obtained by 
combining the technologies of crystalline silicon solar cells of (above 20%2) and 
electrolyser (efficiencies of around 70%);50 pilot-plants with %STH of up to 9.3% have 
been reported.51-53 Also, the efficiences are reaching 12.4%54,55based on the recent 
predictions. In fact, a demonstration of PEC water splitting, with a combination of W-
doped BiVO4 photoanode and a tandem a-Si solar cell, has been performed by van de 
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Krol et. al.56 that achieved  a %STH of 4.9%. A summary of the reports dealing with PV 
assisted water electrolysis is presented in Table 1.1.  
 
Figure 1.3 Two-photon absorption process (Z-scheme analogous) in a two-step water splitting device.30 
 
 
Figure 1.4 The example of photoelectrochemical water splitting devices. (A) a single-bed reactor with mixed colloids 
of semiconductor or molecule. (B) The non-integrated PV-electrolysis design. (C) A partially integrated PV-
electrolysis design component of a multijunction solar cell and two electrocatalysts. (D) A fully integrated PV-
electrolysers system.54,56 
 
Solar hydrogen generation efficiency still needs improvement. Water splitting 
can be performed in various ways, such as separate PV panels connected to an 
electrolyser, or to mix colloids of n-type semiconductors as colloidal mixtures. In the 
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literature, Bonke et. al.31 have proposed  three possible approaches for coupling the 
solar cell to the electrochemical cell. 
(i) Non-integrated water splitting devices (Figure 1.4 (B)) are PEC devices in 
which the PV and catalyst are connected by external wiring. This approach 
has additional post PV processing such as metallisation, wiring and 
encapsulation.  
(ii) Partially integrated devices, or wired PECs, are where one of the catalysts is 
physically in contact with the light absorbing material or solar cell, while 
the other catalyst is connected through external wiring (Figure 1.4(C)). This 
type of device integration aims to reduce the cost of material and PV post-
processing (metallisation and encapsulation). This approach can also 
increase the %STH by incorporation of the PV with the photoelectrode. 
Also PV is submerged in water.  
(iii) Fully integrated devices, also known as wireless PECs, where the PV and 
the water splitting catalysts are in physical contact (Figure 1.4 (D)). This 
configuration is attractive because it is easy to separate H2 from the O2, has 
a flexible scale and simple design.48,57 Also, PV post-processing (e.g. 
sealing, metallisation) is not required. This configuration the PV is 
submerged in water.    
 
PSCs are one of the promising technologies that has a potential to achieve low 
cost via a roll- to- roll printing process.64-66 However, it has been reported in the 
literature that the PSC device performance degrades faster if the PSC device is exposed 
to water and/or oxygen (i.e. ambient air).25,67-69 Furthermore, it has been reported that 
there is oxidative degradation of the PSC active layer when it reacts with water and 
oxygen under light illumination.24,69 Therefore, the non-integrated water splitting device 
(Figure 1.4 (B)) is chosen to perform water electrolysis in this chapter because it can 
circumvent the stability issues of the solar cell in the electrolyte. Also, the development 
of low cost PSCs in a water splitting application is one of the aims of this thesis. 
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Table 1.1 Summary of the performance solar assisted water splitting 
Ref 
Integration 
type of 
PEC 
device 
Light absorbing material 
Catalyst 
Electrolyte 
Solar to 
hydrogen 
efficiency 
OER  
catalyst 
HER 
catalyst 
58 
Fully 
integrated 
Triple junction a-Si CoO NiMoZn 
1 M  
potassium 
borate 
2.5%@1sun 
57 
Partially 
integrated 
CH3NH3PbI3  
perovskite solar cell 
cobalt 
carbonate/ 
BiVO4 
Pt 
0.1 M 
bicarbonate 
electrolyte 
3.0%@1sun 
59 
Partially 
integrated 
n/p-GaInP/GaAs Pt Pt 2MKOH 16%@1sun 
59 
Partially 
integrated 
triple-junction p-i-n a-Si Pt Pt 2MKOH 7.8%@1sun 
60 
Non-
integrated 
2 series of CH3NH3PbI3 
perovskite solar cell 
NiFe NiFe 1M NaOH 12.3%@1sun 
30 
Non-
integrated 
AlGaAs-Si RuO2 Pt-black 1MHCLO4 18%@1sun 
31 
Non-
integrated 
GaInP/GaAs/Ge Ni foam Ni foam NaOH 22.4%@1sun 
61 
Non-
integrate 
PTPTIBDT-OD:PC[71]BM RuO Pt 1.0 M KOH 4.3% 
62 
Non-
integrated 
Triple junction 
PTB7:PC[71]BM 
GC-RuO NiMoZn 
Phosphate 
buffered 
solution 
6%@1sun 
63 
Non-
integrated 
3-series PTB7-
Th:PC[71]BM 
RuO Pt 1.0 M KOH 4.9%@1sun 
 
1.5 Characterisation of solar assisted water electrolysis cell 
  The solar to hydrogen conversion efficiency is described as: 
   %𝑆𝑇𝐻 = [
𝑃𝑜𝑢𝑡
𝑃𝑖𝑛
× 100] =
𝐽𝑜𝑝×1.23×𝑒𝑙𝑒𝑐𝑟𝑜𝑙𝑦𝑠𝑖𝑠 𝑒𝑓𝑓𝑖𝑐𝑖𝑐𝑖𝑒𝑛𝑐𝑦
𝑃𝑖𝑛
× 100 
                                              =
𝐽𝑜𝑝×1.23×𝑓𝑎𝑟𝑎𝑑𝑎𝑖𝑐 𝑒𝑓𝑓𝑖𝑐𝑖𝑐𝑖𝑒𝑛𝑐𝑦
𝑃𝑖𝑛
× 100                Eq.1.11. 
The factor 1.23 V is the thermodynamic requirement for water splitting, the JOP 
is the operating current (the electrolysis current) and Pin is the power input from the 
light source. The electrolysis efficiency28 can be described as;  
𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
1.23
1.23+𝜂𝑂𝐸𝑅+𝜂𝐻𝐸𝑅+𝜂𝑖𝑅
                Eq.1.12  
Where 𝜂OER, 𝜂HER, 𝜂iR are the over-potential for an oxygen evolution reaction, 
over-potential for a hydrogen evolution reaction and ohmic loss (resistive loss in the 
system) respectively. 
While the Faradaic efficiency can be calculated by using Equation 1.13 
   𝐹𝑎𝑟𝑎𝑑𝑎𝑖𝑐 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑔𝑎𝑠 𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛 
𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑔𝑎𝑠 𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛
× 100                                 
= (
𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝑔𝑎𝑠 𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 
ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝑔𝑎𝑠 𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑏𝑎𝑠𝑒𝑑 𝑜𝑛 𝑡ℎ𝑒 𝑝ℎ𝑜𝑡𝑜𝑐𝑢𝑟𝑟𝑒𝑛𝑡
) × 100                
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                                    =
𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝑔𝑎𝑠 𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
 (𝐽𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑×𝑡𝑖𝑚𝑒 𝑑𝑢𝑟𝑖𝑛𝑔 𝑔𝑎𝑠 𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛)
2×96500
× 100                           
                                    =
𝑂𝑥𝑦𝑔𝑒𝑛 𝑔𝑎𝑠 𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
 (𝐽𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑×𝑡𝑖𝑚𝑒 𝑑𝑢𝑟𝑖𝑛𝑔 𝑔𝑎𝑠 𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛)
96500
× 100                           Eq.1.13  
1.6 The effect of the solar cell characteristic on the PEC performance 
The aim of this PhD thesis is to produce a PEC for water electrolysis using a 
polymer solar cell device.  In this section, the PEC device design based on a non-
integrated solar cell powered water electrolysis cell is introduced. The PEC device 
consists of a tandem PSC that has sufficient photovoltage to drive water electrolysis, by 
connecting with two electrode contains electrocatalysts. Thus, the %STH of the PEC 
device from Equation 1.10 can be rewritten as;28 
                %𝑆𝑇𝐻 =
1.23
1.23+𝜂𝑂𝐸𝑅+𝜂𝐻𝐸𝑅+𝜂𝑖𝑅
×
𝐽𝑆𝐶×𝑉𝑂𝐶×𝐹𝐹
𝑃𝑖𝑛
× 100                     Eq.1.14 
 Assuming that the ohmic loss is minimal (𝜂𝑖𝑅), as seen from Equation 1.14, for 
the PSC device that uses only sunlight as the power input, it is possible to increase the 
%STH by increasing the operating current density, VOC and FF or the Faradaic 
efficiency.  
1.7 A brief history of PSC, basic architecture and operating principles  
Before starting this section, it should be noted that here and in the remainder of 
the thesis, ‘‘organic solar cell’’ and ‘‘polymer solar cell’’ are used interchangeably. The 
use of organic materials as the active material in a PV was introduced in the 1950’s 
when a small organic molecule (anthracene) was utilised.70 When light is absorbed by 
the molecule, excitons are formed because of the low dielectric constant. The electric 
field generated in a sandwich structure of two different metal cathodes is not sufficient 
to split the excitons to charge carriers, and thus single junction organic semiconductor 
devices suffered from low photovoltages and efficiencies.70 
A major advancement in the organic semiconductor field was the development of a 
bilayer organic semiconductor device, which is credited to Tang.71 In this configuration, 
one organic layer acts as an electron-donating or “donor” material, while the other 
organic layer acts as an electron-accepting or “acceptor” material. The presence of a 
donor/acceptor interface in the organic active layer of the device improved exciton 
dissociation and resulted in increased PSC device performance. Tang achieved 1 % PCE 
from organic photovoltaics (OPVs) by using a donor/acceptor bilayer architecture. 
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However, the bilayer organic semiconductor structure has some limitations such as 
limited interfacial area between electron donor-acceptor molecules and short exciton 
diffusion length 72 (a few nanometres).  
The electron-hole pairs or excitons are created and transported within 10-20 nm 
of the interface, so that they can be collected at anode and cathode.  
The next significant development in PSC advancement was the increase of the 
donor/acceptor interface area through the bulk heterojunction (BHJ) architecture in 
1995.13,73-75 In this advancement of materials in OPV technology, fullerene (C60) and 
its derivatives, such as Phenyl-C61-butyric acid methyl ester (PCBM),76 have been used 
as electron acceptors in PSC. In addition, PCBM and its derivatives are easily dissolved 
in common solvents such as toluene and dichlorobenzene, affording processability by 
printing techniques.       
The BHJ, or donor/acceptor blend, enabled significant improvements in device 
efficiencies via the interpenetrating network of the donor and accepter molecule. The 
PSC device structure in this thesis focuses on a BHJ polymer solar cell as shown in 
Figure 1.5. The PSC device can be divided into four elements: the cathode, electron 
acceptor (n-type materials), the electron donor (p-type materials) and anode. The basic 
structure is shown in Figure 1.5 (B). 
A transparent electrode, most commonly indium tin oxide (ITO) coated 
transparent substrate, allows light into the solar cell. The active layer is typically 
comprised of a blend of an electron donor and an electron acceptor material. The BHJ is 
formed by phase separation of the dissolved donor and acceptor materials into donor-
rich and acceptor-rich regions during the thin active layer film casting process. The 
exciton must diffuse to a donor/acceptor interface prior to charge separation (electron 
and hole). If these photo-generated charges can survive without recombination, they can 
diffuse and drift to their respective electrodes,5 where they are extracted as useful 
photocurrent.  
This section briefly introduces one of the possible explanations for the operation 
of the PSC. From light absorption to electric power generation, several scenarios have 
been suggested. Firstly, photons with photon energy higher than the optical band gap of 
the photoactive layer are absorbed in the organic semiconductor active layer. Organic 
semiconductors have a high absorption coefficient (above 107 m-1) that allows the 
absorption of sufficient light with a very thin donor/accepter layer (between 100-300 
nm). The absorbed photon excites an electron from the ground state to a higher energy 
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state, excitons are created.  In addition,  some of the excited charge carriers relax down 
to a low excited state by internal conversion.5 Excitons in organic semiconductors 
exhibit a binding energy of the order of 0.5eV at room temperature, this is much higher 
than thermal energy (0.025 eV).77 
In PSCs, when the organic semiconductor absorbs photons, excitons are 
generated rather than free charge carriers However, different to the inorganic 
semiconductors, in this case, the exciton binding energy is much smaller than their 
comparable thermal energy at room temperature; due to their high dielectric permittivity 
(ɛ > 10). Thus, excitons formed in inorganic semiconductors at room temperature 
rapidly dissociate into free electrons/holes.78 This is one of the main differences 
between organic and inorganic solar cells. For excitons to dissociate into free charge 
carriers, excitons should migrate to the donor–acceptor interface so that in organic solar 
cells they can be separated into electrons and holes before they recombine. Since 
excitons are neutral species, their movement to the interface is governed by their 
concentration gradient, namely by diffusion via random hops.77   
 
Figure 1.5 Typical BHJ PSC cross-section (A) and device stack (B). 73-75 
Charge collection at the organic semiconductor and the charge-collecting 
electrodes interface are also complicated and unclear. Many factors can affect charge 
collection at the interface, such as energy level mismatch between the work function 
(WF) of charge-collecting electrodes and the HOMO level of the donor and LUMO of 
the organic semiconductor, and the interfacial charge distribution.5 
1.7.1 The photoactive layer in a polymer solar cell 
Within the photoactive layer, the interface between the donor and acceptor 
molecules can be tailored to match exciton diffusion length (10-20 nm). Thus, the 
exciton decay process can be minimised. The increased interfacial area of the donor and 
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acceptor molecule in a bulk heterojunction can thus improve the charge dissociation 
efficiency, resulting in increased efficiency of the polymer solar cell. 
To control the size of the fullerene domains in a polythiophene and C60 mixture, 
a plasticizer was used.79 The plasticizer consisted of two molecular parts, one 
interacting with the polymer and the other with the C60. The intention of this work was 
to increase the miscibility of polythiophene/C60 mixtures, leading to finer phase 
separation.  
In 2001, Shaheen et al80, demonstrated that a strong increase in PCE from 1% to 
2.5 % was obtained by changing the casting solvent for spin coating Poly [2-methoxy-5-
(3′,7′-dimethyloctyloxy) -1,4-phenylenevinylene]: Phenyl-C61-butyric acid methyl ester 
(MDMO-PPV:PCBM) bulk heterojunctions. The UV-Vis absorption spectrum of the 
MDMO-PPV:PCBM cast from toluene and chlorobenzene were quite similar, thus the 
absorption was not the reason for increased external quantum efficiency (EQE). The 
improvement had to come from the change in the nanoscale morphology of the donor– 
acceptor mixture.  
Following the report of increased conversion efficiency in MDMO-PPV:PCBM, 
the next strategy for controlling nanoscale morphology was developed by using a 
thermal annealing process. In 2003, Padinger et al.81 reported the effect of post-
production treatment on the conversion efficiency of PSC by annealing a Poly(3-
hexylthiophene-2,5-diyl):PCBM  (P3HT: PCBM) system at 75 ºC. The result showed 
that 3.5% efficiency could be obtained after the thermal annealing process. After the 
optimization of the annealing process in P3HT:PCBM systems, this PSC reached 5 % 
efficiency82. The mechanism of thermal annealing process was studied using XRD83, 
AFM and TEM84 which revealed that it takes place in three subsequent steps: (i) 
annealing softens the P3HT matrix, which (ii) leads to PCBM molecules diffusing out 
of the disordered P3HT cluster and form lager PCBM aggregates, followed by (iii) the 
PCBM-free P3HT matrix recrystallizing  to form a larger fibrillary type crystal.  
Another technique to control nanomorphology of the active layer by solution 
processes is the use of an additive. In 2007 Peet et al.85 reported that adding alkanethiol 
to P3HT/PCBM in toluene can enhance device performance due to longer carrier 
lifetimes with ordered structures in. In 2007 Wang et al.86, demonstrated the use of oleic 
acid as an additive to improve conversion efficiency of P3HT:PCBM. Based on AFM 
and XRD investigations, they found that with oleic acid, the P3HT: PCBM films have 
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better local molecular ordering after thermal annealing, resulting in larger donor and 
acceptor interfaces and higher mobility, leading to higher conversion efficiencies. 
A wide range of techniques to control the nanomophology of donor and acceptor 
matrixes have been developed for the solvent casting process. The choice of solvent, use 
of thermal annealing, and use of process additives can be used to enhance the 
photoconversion efficiency of PSCs. 
In recent years, tremendous efforts have been focussed on synthesising new 
donor molecules and designing novel device architectures to increase light absorption 
and carrier transport. Thus PSCs have been reported with PCE of up to 12 %.21 Poly[N - 
9′-hepta-decanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-
benzothiadiazole)](PCDTBT) is one with a high performance (4-7% PCE) and high VOC 
(800 mV), commercial available, polymer with reproducible fabrication protocols. 
Therefore, PCDTBT and PCBM mixtures are materials for achieving the goals of this 
study. 
1.7.2 Normal and inverted geometries in polymer solar cells  
In a normal architecture of a PSC, it is usually fabricated using the structure of 
ITO/HIL/photoactive layer/EIL/ low-workfunction metal (Figure 1.6 (A)).  However, 
since low work-function metals (Al or Ca) can be easily oxidised, the device based on 
this architecture rapidly degrades.  To avoid the use of low-workfunction metals, an 
inverted PSC device structure (ITO/EIL/photoactive layer/HIL/metal high-workfunction 
metal) have been developed. Gold (Au) or silver (Ag) is often used as an anode in the 
inverted polymer solar cell. The advantage of an inverted polymer solar cell is that it 
allows the use of an air stable metal as electrode, which may increase the PSC device 
lifetime.87  However, in literature, a normal architecture of PCDTBT:PC[71]BM has 
shown a good device stability with lifetime of over 1 year in real world testing.88 
Therefore, in this thesis, the normal architecture is chosen. 
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Figure 1.6 Polymer solar cells with (a) a normal architecture and (b) an inverted architecture.87,88 
1.8 The effect of the interfacial layer on the solar cell performance. 
Polymer solar cells usually have one or two interfacial layers inserted between 
the active layer and the electrical contacts.89-91 Figure 1.7 shows the various roles the 
interfacial layer may play in influencing the performance of PSCs, including:  
(1) Adjusting the work function (WF) hence the energy barrier height between 
the active layer and the electrodes.92 
(2) Forming a selective contact for electron or hole extraction by blocking the 
extraction of the opposite sign carriers.93,94 
(3) Preventing surface recombination.95,96  
(4) Act as an optical spacer, tuning the optical, electromagnetic field in the 
device via an optical cavity effect, influencing the absorbed photon and current 
density.93,94  
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Figure 1.7 the various roles the interfacial layer in solar cell devices. 
1.8.1 The effect of interfacial layers on power conversion efficiency through 
charge recombination kinetic and work function alignment 
The solar to electrical PCE is determined by three main parameters including 
VOC, JSC, and FF. The interfacial layers influence these parameters through altering the 
charge recombination kinetics and / or influencing the work function alignment at the 
electrodes. 
1.8.1.1 Effect of charge carrier lifetime on the JSC and FF 
Under light illumination, charge carriers (electrons and holes) are generated 
within the active layer and diffuse to the electrode interfaces. Poor charge carrier 
collection leads to low JSC, FF and PCE.  
The charge carrier collection efficiency depends on the distance that the charges 
can travel before they recombine. Under short circuit conditions, if charge carrier drift 
dominates the photocurrent, an efficient charge carrier collection is relied upon a long 
charge carrier drift length.97-99  Efficient charge carrier collection requires a long charge 
carrier drift length (much longer than the device thickness). Under an open circuit 
condition, where the transport is dominated by diffusion, a long diffusion length relies 
on long charge carrier diffusion length (L). 
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To achieve a highly efficient PSC, charge collection efficiency should be close 
to 100%. The charge carrier collection efficiency 𝜂𝐶𝑂𝐿𝐿  can be calculated using 
Equation 1.15: 
𝜂𝐶𝑂𝐿𝐿 =
tanh (
𝑑
𝐿
)
𝑑
𝐿⁄
× 100      Eq.1.15 
Where d is the active layer thickness (cm), L is the diffusion length (cm).  
The diffusion length L can be calculated as: 
𝐿 = (𝐷τ)1/2                 Eq.1.16 
Where D is the diffusion coefficient (m2 s-1) and τ is the charge carrier  
lifetime (s). The charge carrier lifetime can be determined from Equations 1.17 and 1.18 
by measuring the charge density decay over time.      
(
𝑑𝑛
𝑑𝑡
) = −𝛽𝑛𝑝 = −𝛽𝑛2    Eq.1.17 
Where 𝛽 is the bimolecular recombination coefficient, n and p are the charge 
carrier densities of the electrons and holes. In undoped semiconductors, it is assumed 
that the charge carrier density of holes (p) is equivalent to that of electrons (n). Charge 
carrier lifetime (τ) can be calculated from the charge density decay obtained by charge 
extraction measurements according to Equation 1.18:97   
𝜏 = −𝑛 (
𝑑𝑛
𝑑𝑡
)
−1
=
1
𝛽𝑛
    Eq.1.18 
1.1.1.2 Effect of work function alignment and reduced charge recombination on  
the VOC 
In a PSC, under light illumination, the VOC is the parameter which directly 
relates to the quasi-fermi level of the anode (𝐸𝐹,𝑝) and cathode (𝐸𝐹,𝑛). However, VOC 
losses in the PSC devices arise due to an energy mismatch at the electrode and the 
energy levels of the active layer. The VOC can be described as: 
                                          𝑞𝑉𝑂𝐶 = 𝐸𝐹,𝑛 − 𝐸𝐹,𝑝 = 𝐸𝑔 − 𝜑𝑝 − 𝜑𝑛                          Eq.1.19 
where 𝜑𝑝, 𝜑𝑛  are the voltage losses at the cathode and anode side due to the 
mismatch of electrode work functions and the energy level of the active layer. 
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To achieve high photovoltage, the energy barrier at the cathode 𝜑𝑝 and anode 𝜑𝑛 
need to be minimised. The 𝜑𝑝 and 𝜑𝑛 can be reduced by electrodes with a work 
function close to the highest occupied molecular orbital (HOMO) and the lowest 
unoccupied molecular orbital (LUMO) energies of the donor and the acceptor in the 
active layer, respectively.  
Under light illumination, the VOC depends on the balance between charge 
generation and charge recombination, which determines charge density. Charge density 
affects the VOC and device efficiency. Maurano et al. reported that charge carrier 
lifetime was an essential parameter which is related to the VOC.100 However, other 
factors which result in a lower VOC than expected are:  the presence of large dark current 
(low shunt resistance),14 and band bending at the contacts.101  
With regard to the VOC of the PSC, the effective gap is influenced by the density 
of states distribution described by the effective slope of the tails states (σeff ) and the 
effective in-gap charge density Neff according to Equation 1.20.102  
𝑉𝑂𝐶 =
𝐸𝑔
𝑞
−
𝜎𝑒𝑓𝑓
𝑞
𝑙𝑛
𝑁𝑒𝑓𝑓
2
𝑛𝑝
                                      Eq.1.20 
Note that, the Neff in Equation 1.19 has the same meaning as n in Equation 1.10.  
As explained in the above section, the factors affecting the variation of the VOC 
of the PSC device with various interfacial layers can have multiple in origin. According 
to Equation 1.19, the VOC is related to the effective gap of the donor/acceptor (𝐸𝑔), the 
density of state distribution which is described by the effective slope of the density of  
state (σeff ), and the effective charge density (Neff). Note that the effective gap of the 
donor/acceptor is approximated by the difference of the HOMO level of the donor and 
LUMO of the acceptor molecule.  
Therefore, to summarise, there are three possible influences due to the interfacial 
layers on the VOC:  
(i) change of the mismatch between the work function of the electrodes and 
materials energy levels (𝜑𝑝and 𝜑𝑛 , Equation 1.19);   
(ii) change in charge carrier density Neff due to a change in recombination 
kinetics (Equation 1.20); 
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(iii) change in charge trap distribution σeff (Equation 1.20). 
From the above section, both work function alignment (𝜑𝑝and 𝜑𝑛 , Equation 
1.19)  and charge carrier density (Neff ) affects the PSC device performance. Therefore, 
investigation of recombination kinetics and material energy levels in the PSC is 
necessary.  
1.8.2 Charge extraction: technique to study recombination kinetics in the 
PSC  
Transient techniques such as photo-CELIV97 can be used for determining the 
charge carrier decay kinetics; from the recombination coefficient β and  
lifetime τ. If the decay kinetics from the photo-CELIV can be fitted to a bimolecular 
recombination equation (Equation 1.21), then the bimolecular recombination coefficient 
β can be estimated. 
𝑛(𝑡) =
𝑛0
1+𝑛0𝛽𝑡
                          Eq.1.21 
Where 𝑛(𝑡) is the charge density at time t and 𝑛0 is the initial charge density. β 
can be determined by calculating the derivative of 𝑑𝑛 𝑑𝑡⁄  at each delay time, assuming 
bimolecular recombination as: 
         𝛽(𝑡) = −
𝑑𝑛
𝑑𝑡
1
𝑛2
               Eq.1.22 
An alternative technique applied to PSC devices to evaluate charge carrier 
lifetime is the transient photovoltage (TPV) method. 100 This technique measures the 
charge carriers’ lifetime under steady state illumination. To do the measurement, the 
PSC device is held at white light illumination at the open circuit condition (VOC); then 
the PSC is additionally excited by a weak laser pulse leading to a small increase of 
voltage on top of the steady state VOC. The increase of the small voltage (∆V) due to the 
laser pulse is measured by using an oscilloscope. The charge carriers cannot be swept 
out due to being held at the open circuit condition and, therefore, recombine. The small 
voltage difference (∆V) must be less than 5 mV in order to estimate the charge carrier 
lifetime from a mono-exponential decay, where ∆VOC ∝ exp(-t/τ). However, it is noted 
that the lifetime τΔn obtained by the TPV technique differs from the total charge density 
lifetime τ by a factor of (λ + 1). Where the factor (λ + 1) is the reaction order and λ is 
the slope in the relationship 𝜏 = 𝜏0𝑛
−λ .103 
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In 2000, Duffy et al.,104 reported a charge extraction method to study material 
energy levels and recombination kinetics for DSSC. Later, Shuttle et al.,103 applied this 
technique in PSC. A switch is connected to a solar cell in series, while the switch is held 
in the open circuit condition and the solar cell is illuminated with a  steady state light 
source.  The light and the switch are turned off simultaneously; a transient current can 
be obtained. The charge carriers’ density can be estimated by integrating the current 
transient, and the experiment can be varied using various light intensities. The charge 
carriers’ density at the different light intensities correspondg to the VOC. The VOC 
dependency on charge carrier density can be related to the energy levels of the 
donor/acceptor molecules, and also the energetics and density of charge traps  
(Equation 1.20).  
Furthermore, charge extraction measurements can also be performed by 
applying a delay time between the light turning off and on (laser pulse). The charge 
extraction process began with the laser irradiating the solar cell. During the laser pulse, 
charge carriers were generated and accumulated within the PSC device at the open 
circuit condition.  After the adjusted delay time, the current transient can be measured 
by oscilloscope. The charge carriers’ density was obtained by integrating the current 
transient (after subtracting the switch noise and dark capacitive current) according to the 
following equation: 
𝑄𝑒𝑥𝑡𝑟𝑎𝑐𝑡 = ∫ 𝐼(𝑡)𝑑𝑡
𝑛
𝑡0
                    Eq.1.23 
Thus, by varying the time delay, the charge carrier density as a function of the 
delay time can be obtained. In addition, the relationship of charge carrier density and 
photovoltage can be obtained with charge extraction measurements and phtotovoltage 
decay transient measuement. The photovoltage transient was obtained by holding the 
device at open circuit condition and measuring the photovoltage until the photovoltage 
decayed to 0V.  Therefore, to avoid the complication in analysis with assumptions and 
to reduce the experimental difficulties, a technique called time resolved charge 
extraction (TRCE) is utilised to investigate the effect of interfacial energy level and 
recombination kinetics in the PSC in this thesis. Also, this technique can direct 
measures charge carrier density within the PSC device new and the experiment set up is 
available in our labs.   
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1.8.3 Interfacial layer materials 
In order to overcome charge carrier density loss within PSCs based on a BHJ 
structure, many research groups have developed new interfacial layers to be inserted 
between the active layers and the electrodes. The interfacial layer is used to improve 
charge selectivity, modify the electrode work function which leads to a better charge 
extraction/transport at the active layer and the selective electrode, and thus suppress 
charge carrier recombination losses.    
Poly (3,4-ethylenedioxithiophene):poly(styrene sulfonic acid) (PEDOT:PSS) is 
an example of a hole interfacial layer which has usually been used in the field of organic 
electronic devices due to improve hole extraction properties of the ITO anode.105-109 The 
PEDOT itself is relatively conductive in its oxidised form due to its planar structure which 
can aid the delocalization of π electrons.110 Also, it has reasonably high optical 
transparency (80% over 350-800 nm, when the thickness is around 40 nm) and 
considerably high conductivity. Because PEDOT itself is easily oxidised in air and 
insoluble in most of the common solvents, it had limited application in organic electronics. 
However, adding polystyrene sulfonate (PSS) was found to overcome the processability 
issue by forming an ionic polymer with the PEDOT, which helps its dispersion in water. 
Also, the PSS ion can stabilise the PEDOT in its oxidised state. Unfortunately, adding the 
PSS to the PEDOT led to an increase in the pH of the PEDOT:PSS solution to levels of 1-
2.24,25 High acidity24,25 and hygroscopicity67,69,111 of PEDOT:PSS will cause indium loss 
from the ITO anode.24,25 In addition, indium ions will diffuse to the photo-active layer, 
which will cause the breakage of the conjugation of the polymer chains. A commercially 
available PEDOT:PSS solution has been sold under the trade name of Clevios (H. C. Stark) 
and Orgacon (AGFA), with a work function around 4.8-5.2eV.106,112-114 Due to hydrophilic 
properties, depositing of the PEDOT:PSS on hydrophobic surfaces (such as an polymer 
active layer) has become an issue and several methods have been reported. Adding an 
additive such as isopropanol115, triton-100,116 Zonyl FS-300117or surfactant 
mixture118(2,5,8,11-tetramethyl-6-dodecyn-5,8-diol ethoxylate (Dynol) and Zonyl FS-
300 fluorosurfactant (Zonyl)) can help to improve the wettability of the PEDOT:PSS 
solution on the hydrophobic surface resulting in an increase of the PCE of the inverted 
PSC. The main improvement of the PSC device performance originated from an 
increase of charge injection resulting in higher JSC and FF. Furthermore, the use of the 
surfactant to improve the wettability of the PEDOT:PSS on the active layer also aided 
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formation of a better PEDOT:PSS layer, resulting in an increase of shunt resistance 
(RSH) while decreasing the series resistance in the inverted structure PSC.  
Apart from the strong acidity (with pH ~1-2),24,25 and hygroscopicity24,25 of 
PEDOT:PSS which may cause device degradation, phase separation of PEDOT from 
the PSS may lead to a lower conductivity of the film resulting in decrease of device 
performance.67,69 Molybdenum oxide (MoO3 or MoOx) could be used as an alternative HIL 
in PSC instead of PEDOT:PSS. The Fermi level of MoOx is very deep (approximate by  
-6.8 eV in vacuum, 93,94 and -4.9 to -5.4 eV when exposed to air),89,90 generally deeper 
than most HOMO levels of the donor polymer so that an ohmic contact could be formed at 
the interface between MoOx and donor material. MoOx is usually fabricated by thermal 
evaporation with a thickness of only 10 nm in high efficiency (PCE 6.5% for PCDTBT 
devices), therefore it has high transparency. It is shown to be stable in ambient 
conditions, enhancing the PSC device stability.25,119,120 Various groups have developed 
methods for solution processing of MoO3 or MoOx. Meyer et al.121 prepared MoO3 
layers by using MoO3 nanoparticles (NPs) blended with an undisclosed block 
copolymer as a dispersing agent. After deposition, the layers had to be annealed at 100 
°C followed by oxygen plasma treatment to remove the polymer dispersant. A high WF 
of 5.7−6 eV has been obtained by this method.  Another approach for preparing the 
MoOx layers is a sol−gel process.122,123 Girotto et al.,122 reported on a sol−gel MoOx 
solution process. However, this recipe required a post-deposition treatment at high 
temperatures of at least 275 °C to form MoOx layers to achieve reasonable device 
efficiencies.  Another sol−gel MoOx process was reported by Liu et al.,123 which 
resulted in large particle aggregates and discontinuous MoOx layers being observed. 
The poor film quality limited the applicability of this solution deposition process. 
Jasieniak et al.,95 also reported a solution processed MoOx synthesis from  
molybdenum (VI) oxide bis(2,4-pentanedionate) as a precursor. This solution processable 
MoOx required an annealing temperature of ~ 150 ○C. The PSC device made by MoOx 
showed performance comparable to that made by PEDOT:PSS. Furthermore many research 
groups also reported higher stability in the PSC using MoO3 compared with that using 
PEDOT:PSS.121,124,125    Recently, MoOx has been utilised as an ICL layer for the tandem 
PSC device. Thus, MoOx is a very attractive HIL for a solution processed PSC due to it 
high optical transparency, and solution processability.  
Apart from the HIL, titanium oxide (TiO2 or TiOx) is a n-type semiconductor 
which is usually used as a photoanode in dye sensitised solar cells and EIL in PSC due 
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to their high electron mobility, high optical transparency, and stability in air. The TiOx 
nanoparticles can be synthesised by a sol–gel method93 and processed with spin-
coating,126 doctor blading and roll- to- roll printing process66. When the TiOx is utilised 
in PSC, it can serve as an optical spacer93,127,128 which helps to redistribute the light 
intensity within a thin active layer in PSC devices. Also, the large band gap of this 
material could act as an electron-transporting/hole-blocking layer to improve charge 
collection resulting in an increase of the PCE. For example, the Heeger group has 
demonstrated that the conventional PCDTBT:PC71BM PSC using the sol–gel TiOx 
showed an impressive PCE of 6.1%.129  However, many articles of literature have 
reported that the defects/trap state existed in TiOx layers,130-132 resulting in the presence 
of an extraction barrier132,133 between the active layer (S-shaped in J–V characteristics), 
the metal oxide and metal electrode interface. This issue inhibits the effectiveness of 
TiOx ICL and decreases the PSC efficiency. To overcome this issue, a UV light 
soaking134,135 is usually needed to reduce the oxygen defects/traps, also increase 
carriers, resulting in the disappearance of the S-shape in J–V characteristics. Another 
method to remove the S-shape in J–V characteristics is the chemical doping method133 
in order to increase the carriers in TiOx leading to an increase in PCE. Also, the use of 
poly(ethylene glycol) can also modify TiOx  (PEG-TiOx), passivate the trap states in 
TiOx layer, and improve the PSC PCE.136 However, this approach required a prior light 
soaking to increase the electron mobility before test. Furthermore, the TiOx can also 
serve as a shielding layer93 to protect the active layer from humidity and oxygen, which 
could possibly penetrate through the aluminium surface and damage the active layer, 
resulting in an improved lifetime136 of the device. 
PEI, on the other hand, is a polyelectrolyte with a non-conjugated backbone, 
hence very low electrical conductivity. Due to a large number of amine groups, the 
operation of this layer has been associated with changing the work function of the 
electrodes due to dipole interactions.92,137-139 The amine group within the PEI molecule 
forms a molecular dipole perpendicular to the direction of the electrode surface and the 
dipole formed at the interface and amine group leading to the change of the electrostatic 
potential of the surface. The mechanism of work function change of the electrode is 
associated with a partial charge transfer from the amine-containing PEI moieties to the 
electrode surface. Although the PEI layer has an insulating nature, an electron can be 
injected by tunnelling if this layer is thin enough.   
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1.8.4 Tandem organic solar cells 
The two main loss mechanisms in single junction PSC140 are: (i) thermalisation 
losses of excess photo-excited electron energy above the semiconductor bandgap  
(Ephoton ≥ Eg); and (ii) losses due to solar photons that are not absorbed by the solar cell 
(Ephoton < Eg). As the band gap is increased, thermalisation losses are reduced, but the 
fraction of non-absorbed solar photons is increased.  
In a tandem architecture or multijunction architecture, two or more photoactive 
layers (sub-cells), ideally with complementary absorption spectra, can be stacked on top of 
each other. A broader solar spectrum can be absorbed by tandem solar cells and thereby the 
PCE can be increased. A tandem solar cell using p-GaInP2/GaAs141 with band gaps of 1.83 
eV and 1.42 eV  respectively, has achieved a PCE of 42 %, which is higher than the 
proposed detailed balance limit of a single p-n junction solar cell, 32 %, the so-called  
Shockley-Queisser limit.142,143 Experimentally, a PCE as high as 37.9 % has been reported 
from GaInP/GaAs/GaInAs based solar cells under illumination of non-concentrated AM 1.5 
G spectrum.2 Similar to inorganic tandem solar cells, small molecules and polymers have 
been used in tandem solar cells geometries. In tandem PSCs, two or more single junction 
PSCs are stacked and connected through the interconnecting layer (ICL).  
For all sub-cells connected in series in a tandem PSC, the VOC of the sub-cells adds 
up, the JSC of the tandem cell is limited to the smallest JSC generated in any of the sub-cells, 
and consequently, the PCE can be increased.143,144 Figure 1.8 describes a tandem PSC with 
the normal geometry. 
To achieve tandem PSCs, the photoactive materials for the 1st sub-cell (first light-
absorbing sub-cell) and 2nd sub-cell with complementary absorption (the second light-
absorbing sub-cell) are stacked through an ICL; essential to obtain a high JSC. Matching the 
photogenerated current between 1st and 2nd sub-cells connected in series is necessary to 
maximise the JSC and increase the PCE. 
A critical component to maximizing the PCE of a tandem PSC is the ICL that 
connects two PSC sub-cells in series. The electrons need to be collected at the 1st sub-cell 
and recombine with the holes from the 2nd sub-cell.  Therefore, the work function of one of 
the ICL side should be low to provide a good energy alignment at the LUMO of the 
acceptor, while for the other side the work function should be high to provide a good energy 
level to collect holes from the HOMO of the 2nd sub-cell. Also, the material for the ICL is 
required to have high optical transparency. Futhermore, from a practical point of view, in 
tandem solar cells wherein the 2nd active layer is solution-processed, the ICL also needs to 
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be mechanically robust to prevent the damaging of the 1st sub-cell and of the ICL itself 
during the processing of the 2nd active layer deposition. 
 
 
Figure 1.8 A typical tandem PSC with a normal geometry. 
 
Yakimov et. al.,145 reported on a tandem organic solar cell that uses double or 
triple junction of active layers comprising copper phthalocyanine (CuPc) and 3,4,9,10-
perylene tetracarboxylic bis-benzimidazole (PTCBI), respectively.145 Adding 5 Å of a 
Ag layer as the ICL under 1 sun light illumination, the PCEs of double and triple 
heterojunctions photoactive layers were 2.5 % and 2.36 %, respectively, which are 
higher than the PCE from a single-junction PSC, (1.1 %). Also, the VOC of double and 
triple junction PSCs under 1sun light illumination was 0.93 V and 1.20 V, respectively, 
while the single junction was only 0.45 V.  
Dennler et al. demonstrated the first hybrid tandem PSCs composed of a 
polymer-based bottom cell comprising P3HT:PCBM and a small molecule-based top 
cell made with Zn-Pc:C60.140 The P3HT:PCBM layer was fabricated by solution 
processing and the Zn-Pc:C60 was fabricated by thermal evaporation. Using an active 
layer with complementary absorption range of P3HT:PCBM and Zn-Pc:C60, a tandem 
PSC could utilise the broader visible range of the solar spectrum. For this tandem PSC, 
1 nm-thick Au served as the ICL. The VOC from the tandem PSCs (1.02 V) was almost 
equal to the sum of VOC from the single cells, 0.55 V from P3HT:PCBM cell and 0.47 V 
from Zn-Pc:C60 cell. However, a thin Au layer can only be used as an ICL for a tandem 
solar cell where the 2nd layer was deposited by thermal evaporation or vacuum 
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processes because very thin metal film is not mechanical robust enough to prevent the 
damaging of the 1st sub-cell from depositing of the 2nd active layer by solution process. 
 A tandem PSC with two identical photoactive layers comprising a blend of 
poly[2-methoxy-5-(3’,7’-dimethyloctyloxy)-1,4-phenylene vinylene] (MDMO-PPV) 
and PCBM has been demonstrated by Kawano et al.146 For this tandem PSC, a sputtered 
ITO layer and PEDOT:PSS deposited by spin-coating was used as the ICL. The tandem 
PSCs showed about 1.6 times higher VOC (1.34 V) than the single-junction PSC (0.84 
V) with a structure of ITO/PEDOT:PSS/MDMO-PVP/Al. Although the VOC of the 
tandem cell should be a sum of the VOC from sub-cells, the VOC from this tandem PSC 
did not show doubled VOC due to the increased series resistance introduced by the ICL. 
The JSC (4.1 mA cm-2) and FF (56 %) from the tandem PSCs were slightly lower than 
those from the single-junction reference PSC (JSC: 4.6 mA cm-2 and FF: 59 %). 
Furthermore, the lower JSC of less than half of the single junction PSC was attributed to 
the use of identical photoactive layers which reduced light absorption at the front sub-
cell. Thus, different photoactive layers with complementary absorption ranges were 
believed to be necessary to improve the device performance. 
In 2006, Kim et al93 were first to demonstrate a breakthrough in tandem PSC by 
using all solution processible of poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-
b;3,4-b']dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)] (PCPDTBT):PCBM and 
P3HT:PC[71]BM as photoactive layers for the front and rear sub-cell, respectively. 
Highly conductive PEDOT:PSS (PH 500) and TiOx were spin-coated on top of the front 
sub-cell to serve as the ICL. The complementary absorption ranges of two polymers 
(PCPDTBT and P3HT) with a broader absorption of solar spectrum of up to 850 nm, 
resulted in the tandem cell affording a VOC of 1.24 V, a JSC of 7.8 mA cm-2, a FF of 
0.67, and PCE of 6.5 % under AM 1.5 G illumination. 
You et al.147 demonstrated an inverted tandem PSCs with a PCE as high as 10.6 
%. In this tandem PSC, a low bandgap of 1.38 eV donor polymer, poly[2,7-(5,5-bis-
(3,7-dimethyl octyl)-5H-dithieno[3,2-b:20,30-d]pyran)-alt-4,7-(5,6-difluoro-2,1,3-
benzothiadiazole)] (PDTP-DFBT) blended with PC[71]BM and P3HT mixed with 
ICBA served as front and rear sub-cells. Also, a solution processible ZnO and 
PEDOT:PSS were employed as ICL. This approach achieved 10 % PCE, which is the 
first polymer solar cell showing an efficiency reaching 10%.  
A thin polyethylenimine ethoxylate (PEIE) deposited on top of the PEDOT:PSS 
was used as an ICL in the inverted tandem PSC developed by Zhou et al.148 The 
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photoactive layers  of the front and rear sub-cells were P3HT: indene-C60 bisadduct 
(ICBA) and poly(4,8-bis-alkyloxybenzo(1,2-b:4,5-b′)dithiophene-2,6-diyl-alt-(alkyl 
thieno(3,4-b) thiophene-2-carboxylate)-2,6-diyl) (PBDTTT-C): PCBM, respectively. 
The used ICL showed very high light transmission, and high electrical conductivity 
resulting in high VOC of 1.50 V, a JSC of 7.7 mA cm-2, a FF of 0.72, leading to a PCE of 
8.2% under AM 1.5 100 mW cm-2 illumination.  
As can be observed, the research efforts in solution-processed tandem cells have 
been mainly focused on two areas: (i) finding new donor materials for more efficient 
light absorption, and (ii) developing for new interconnecting layers (ICLs) to gain better 
charge extraction with less recombination. In this thesis finding an efficient 
interconnecting layer to gain sufficient photovoltage to splitting water is an important 
aim. Therefore, the homo-tandem structure is chosen for this thesis.  
Although details of the device structures, including the photoactive layers and 
the ICL, of the state-of-art tandem PSC have not been revealed yet, PCE values as high 
as 12 % have been reported. A summary of the reports dealing with tandem PSCs with 
the conventional and inverted geometries is presented in Table 1.2 and Table 1.3. 
Table 1.2 Summary of tandem PSCs with the conventional or inverted geometries.  
Ref. Year Bottom cells ICLs Top cells 
VOC 
(V) 
JSC 
(mA 
cm-2) 
FF 
PCE 
(%) 
61 2016 PTPTIBDT-OD: PC[71]BM 
pH neutral 
PEDOT:PSS/ MoO3 
PTPTIBDT-OD: 
PC[71]BM 
1.74 4.19 0.73 5.3 
149 2013 PBDTT-FDPP-C12:PCBM PFN/TiO2/PEDOT 
PBDTT-
SeDPP:PC71BM 
1.47 8.4 0.59 7.3 
150 2012 PCDTBT:PC[71]BM ZnO/PEDOT:PSS 
PDPP5T:PCBM 
 
1.44 8.8 0.59 7.5 
151 2011 P3HT:PCBM ZnO/PEDOT:GO 
P3HT:PCBM 
 
0.94 - - 4.1 
152 2011 P3HT:ICBA TiO2/m-PEDOT PSBTBT:PC[71]BM 1.47 7.6 0.63 7.0 
122 2010 SubNc/C60 PTCBI/Ag/MoO3 SubNc/C60 1.92 4.3 0.62 5.2 
153 2010 PF10TBT:PCBM ZnO/PEDOT:PSS PF10TBT:PCBM 1.92 3.5 0.61 4.5 
154 2010 PFTBT:PCBM ZnO/N-PEDOT PBBTDPP2:PCBM 1.58 6.0 0.52 4.9 
144 2010 P3HT:PC[71]BM 
Al/TiO2/ 
PEDOT:PSS 
PSBTBT:PC[71]BM 1.25 7.5 0.63 5.8 
146 2010 P3HT:bis-PCBM LiF/ITO/MoO3 P3HT:PC[71]BM 1.14 6.1 0.74 5.2 
155 2008 P3HT:PCBM Al/MoO3 P3HT:PCBM 2.19 3.7 0.48 2.2 
156 2006 P3HT:PCBM 
Sm/Au/PTrFE/ 
Au/PEDOT:PSS 
PTBEHT:PCBM 1.03 16.3 0.51 3.0 
126 2007 PCPDTBT:PCBM TiOX/PEDOT:PSS P3HT:PC[71]BM 1.24 7.8 0.67 6.5 
157 2007 MDMO-PPV:PCBM ZnO/PEDOT:PSS P3HT:PCBM 1.9 3.0 0.42 1.7 
158 2006 P3HT:PCBM 
BPen:Li/Au/MTDA
TA:F4-TCNQ 
CuPc/C60 0.99 2.5 0.47 1.2 
159 2006 P3HT:PCBM C60/Au ZnPc/ZnPc:C60/C60 1.02 4.8 0.45 2.3 
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146 2006 MDMO-PPV:PCBM ITO/PEDOT:PSS MDMO-PPV:PCBM 1.34 4.1 0.56 3.1 
160 2005 
p-doped MeO-TPD/ blend 
ZnPc:C60/n-doped C60 
Au 
p-doped MeO-TPD/ 
blend ZnPc:C60/n-
doped C60 
0.99 10.8 0.47 3.8 
161 2004 
CuPc/CuPc:C60/ 
C60/PTCBI 
Ag 
m-MTDATA/CuPc/ 
CuPc:C60/C60/BCP 
1.03 9.7 0.59 5.7 
162 2004 CuPc/PTCBI Ag CuPc/PTCBI 0.93 4.9 0.55 2.5 
145 2002 CuPc/PTCBI Ag CuPc/PTCBI - - - 2.3 
 
Table 1.3 Summary of tandem PSCs with the inverted geometries.  
 
Ref. Year Bottom cells ICLs Top cells 
VOC 
(V) 
JSC 
(mA 
cm-2) 
FF PCE 
163 2016 PThBDTP:PC71BM 
PF3N-2TNDI/ Ag/ 
PEDOT:PSS 
DPPEZnP-TEH:PCBM 1.67 9.85 0.69 11.4 
17 2013 PDTP-DFBT:PC71BM 
MoO3/M-
PEDOT:PSS/ZnO 
PDTP-DFBT:PC[71]BM 1.36 10.4 0.66 10.2 
147 2013 P3HT:ICBA 
MoO3/M-
PEDOT:PSS/ZnO 
PDTP-DFBT 
:PC[71]BM 
1.53 10.1 0.69 10.6 
148 2012 P3HT:ICBA PEDOT:PSS/PEIE PBDTTT-C:PCBM 1.50 7.7 0.72 8.2 
164 2012 P3HT:ICBA PEDOT:PSS/ZnO 
PBDTT-DPP: 
PC[71]BM 
1.56 8.26 0.67 8.6 
165 2012 P3HT:ICBA PEDOT:PSS/ZnO PDPP5T:PCBM 1.35 7.23 0.60 5.8 
166 2012 P3HT:PCBM MoOX/Ag/PEIE P3HT:PCBM 1.04 3.2 0.62 2.1 
167 2012 P3HT:ICBA PEDOT:Au/TiO2:Cs PSBTBT: PC[71]BM 1.45 6.9 0.62 6.2 
168 2011 F4-ZnPc:C60 
DiNPB/p-DiNPB  
/p-DiNPB /n-60/C60 
DCV6T:C60 1.59 12.3 0.62 6.1 
169 2011 P3HT:PCBM MoO3/Ag/Al/Ca P3HT:PCBM 1.17 4.19 0.59 2.9 
170 2011 P3HT:PCBM MoO3/Al/ZnO PSBTBT:PC[71]BM 1.20 7.84 0.54 5.1 
171 2010 P3HT:PCBM 
PEDOT:PSS/ZnO/ 
C60-SAM 
P3HT:PCBM 1.24 4.3 0.55 2.9 
172 2010 P3HT:PCBM MoO3/Ag/Al/Ca P3HT:PCBM 1.18 3.8 0.62 2.8 
 
1.9 Objectives and scope of the dissertation 
As discussed in the previous section, the interfacial layer is a significant 
component which is directly related to the device efficiency, especially the VOC. Also, 
there is no commercial available for an interfacial layer to use for PSC yet. 
The first objective of this thesis is to fabricate a high efficiency PSC device with 
increased photovoltage by using an interfacial layer to enhance the photovoltage. In 
addition, as discussed above, the interfacial layer has a close relationship with the 
charge carrier collection efficiency, work function alignment, and reduction of charge 
recombination. These parameters are directly related to the PSC efficiency, especially 
the VOC.  
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Thus, the second objective aims to understand the role of interfacial layer on the 
blockage of surface recombination and adjustment of electrode work function to 
enhance device efficiency of the PSC device.  
The third aim of the thesis aims to create, characterise and optimise a high 
photovoltage solar cell for splitting water by fabricating a series connected tandem 
architecture (Figure 1.8) from solution processing. In this regard, a polymer solar cell has 
a unique characteristic to fulfil an economical water electrolysis device. 
Chapter 2 of this thesis provides information on all the materials used; 
including active materials, electron and hole interface materials, solvents. The 
deposition technique used in this thesis for device fabrication and the parameters for 
fabrication of the PSCs are provided in detail. Moreover, the diode device fabrication 
technique used in this thesis and the parameters for fabrication of OPV devices are 
provided. The parameters for the methods of characterization are presented in this 
chapter.  
 Chapters 3 aims to achieve high PSC device performance via an in-house 
recipe electron interfacial layer. TiOx and polyethylene imine (PEI) are selected as an 
electron interfacial layer because their mechanism of operation may have different 
origins. TiOx is an electron transport material with suitable conduction band level 
matching the LUMO of PCBM. Whereas, PEI is a polyelectrolyte with a non-
conjugated backbone and a large number of amine groups. The operation of this layer is 
associated with changing the work function of the electrodes due to dipole interactions 
of amine. However, due to the insulating nature of the non-conjugated backbone, an 
electron can be injected by tunnelling effect when the PEI layer is thin enough. Thus, 
the effect of interlayer thickness on the PV performance is investigated. Moreover, a 
further benefit on the device performance of the single junction PSC is expected from a 
new approach to create the new electron interfacial layer by using a combination TiOx 
and PEI layer.Also, a high photovoltage is expected since the poly[N - 9′-hepta-decanyl-
2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)] (PCDTBT):)]: [6,6]-
phenyl-C70-butyric acid methyl ester (PC[71]BM) is used.  
In tandem solar cells, the ICLs are critical components to achieve high device 
performance with sufficient photovoltage for splitting water.  However, an issue of the 
surface wetting of hydrophilic solution (PEDOT:PSS) on the hydrophobic active layer 
surface may limit the fabrication process of the homo-tandem PSC. A surfactant 
modification of the PEDOT:PSS solution is introduced and adopted as the hole 
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interfacial layer in the interconnecting layer. Chapter 4 aims to develop and further 
optimise two different interconnecting layers for homo-tandem polymer solar cells with 
increased open circuit voltage over the thermodynamical values (>1.23V) for water 
electrolysis. The two ICLs formulated in this chapter comprise of i) TiOx (EIL) and 
PEDOT:PSS (HIL), ii) PEI (EIL) and PEDOT:PSS (HIL). Adding Triton-x 100 (non-
ionic surfactant) also improved the surface wetting/coverage and the mechanical 
robustness of the ICL on the active layer. The homo-tandem device PSC using TiOx 
incorporated with m-PEDOT:PSS obtained a high VOC of 1240 mV, reaching the 
theoretical value for water splitting. The homo-tandem PSC using PEI/m-PEDOT:PSS 
achieved a high VOC of 1570 mV, producing sufficient photovoltage to split water. 
However, the origin of the VOC loss may arise from the existence of electrical short 
circuit between 1st and 2nd sub-cells. Also, the non-ohmic contact at the ICL lead to an 
increase of the RS in the PSC devices. In homo-tandem PSC, the light absorption in the 
2nd sub-cell limited the JSC in the homo-tandem PSC.  
To avoid the instability of the PEDOT:PSS layer, many efforts have been spent 
on replacing the PEDOT:PSS by using transition metal oxides as alternative materials to 
be utilised in single junction PSC. Among transition metal oxides, molybdenum oxide 
(MoOx) is an attractive HIL due to its deep valance band potential. MoOx layer is 
usually fabricated by thermal evaporation with a thickness of only 10 nm in high-
efficiency PSC. However, the particular interest of this PhD project is to replace 
vacuum deposition processes in the fabrication of PSC in order to facilitate the large-
scale deployment of this technology (in the future). A new method to develop a 
solution-processing route for MoOx deposition was inspired by using NaOH solution to 
clean metal and metal oxide residues from the thermal evaporation chamber used for 
PSC fabrication in the laboratory. Therefore, Chapter 5 introduces a water based MoOx 
solution that has been developed to be used instead of the PEDOT:PSS layer. A water-
based molybdenum oxide solution has been developed by ammonium hydroxide and 
molybdenum oxide powder as the precursors. Due to a thin layer and the amorphous 
nature of the new MoOx, this HIL is highly transparent affording improved charge 
generation in the PSC device. Therefore, the optical properties of a new water based 
MoOx is investigated. Furthermore, to replace the m-PEDOT:PSS with a new water 
based MoOx layer in homo-tandem PSC, two types of new combinations of the 
interconnecting layer will be optimised and investigated. In addition, the origin of the 
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difference in the PSC devices efficiencies by using MoOx, compared with PEDOT:PSS, 
as a hole interfacial layer will be considered in Chapter 6. 
Chapter 6 aims to understand the blockage of surface recombination and 
adjustment of electrode work function to enhance device efficiency of the PSC device 
from Chapters 3 and 5. This will be achieved by answering the questions that are related 
to the variation of the PSC device efficiency influenced by an interfacial layer in PSCs 
based on the BHJ structure, including:    
(1) What is the major contribution towards increases in the device efficiency 
when adding a TiOx-PEI layer as compared with using only a PEDOT:PSS layer? 
(2) What is the origin of the lowering of FF in the PSC devices by using MoOx, 
compared with PEDOT:PSS, as a hole interfacial layer? 
(3) What is the benefit of deposition of PEDOT: PSS layer on the ITO in terms 
of device efficiency increase compared to the PSC device that uses ITO only? 
(4) Is it possible to use only an electron interfacial layer (TiOx-PEI) to enhance 
the PSC device efficiency instead of using PEDOT:PSS alone in fabricating PSC 
devices? 
Five types of device structures are designed to answer the above questions. These are:  
(1) Using PEDOT:PSS as the interfacial layer.  
(2) Using both PEDOT:PSS and TiOx-PEI electron interfacial layer. 
(3) Using both MoOx and TiOx-PEI.  
(4) Without using interfacial layers. 
(5) Using an electron interfacial only. 
The PSC devices were fabricated and compared, based on results acquired from 
current-voltage measurements, charge extraction and photovoltage decay 
measurements. The benefit of this work is in aiding the further understanding of the role 
of the various interfacial layers used in this thesis with the aim of maximising 
photovoltage and efficiency. Also, these findings could be beneficial in the further 
understanding of the role of the interfacial layer in reducing surface recombination and 
in energy alignment that can be used to design interfacial layers to match the active 
material fabrication.  
Chapter 7 aims to use this new homo-tandem solar cell from Chapter 4 and test 
whether its photovoltaic properties are high enough to drive the electrochemical 
splitting of water to hydrogen and oxygen. A homo-tandem PSC has been produced 
with high open circuit voltage (VOC) above 1.5 V, which surpassed the minimum 
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thermodynamic requirement for water electrolysis (1.23 V). However, in practice, the 
water electrolysis usually takes place at a higher potential than the minimum 
thermodynamic requirement. The question is whether the best homo-tandem PSC had 
sufficient photovoltage to drive water electrolysis under 100 mW cm-2 light 
illumination? To answer this question, the best homo-tandem PSC in Chapter 4 was 
tested for the water splitting application by using non-integrated PEC configuration. 
Also, a commercial GaInP/GaAs/Ge solar cell was used as a benchmark device and 
compared with the best homo-tandem PSC. With a Pt catalyst electrode, the effect of 
electrolyte pH on the PEC performance was also investigated, with the aim of reducing 
the threshold potential to realise water electrolysis by using a homo-tandem PSC. The 
knowledge gained from these studies is further used to develop a highly efficient PSC 
which generates sufficient photovoltage for splitting water.  
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CHAPTER 2 
EXPERIMENT METHODS 
2.1 Introduction  
In this chapter, the background of the fabrication process of a single-junction 
polymer solar cell (PSC) is provided and the fabrication process for the homo-tandem 
polymer solar cells (PSC) employed in this thesis will be provided in detail in Chapter 4 
and Chapter 5. Also, the diode device preparation used for the interfacial layer 
conductivity measurement is also shown in this chapter.  
The materials used in this thesis, such as donor and acceptor materials, are listed 
in Table 2.1. The preparation procedure of hole interfacial and electron interfacial layer 
(HIL and EIL) are elaborated. In addition, the solar assisted water electrolysis procedure 
will be provided in Chapter 7.  
Table 2.1 List of chemicals utilised in this study  
Material name Provider  Product 
number 
Purity 
Poly[N-9’’-hepta-decanyl-2,7-
carbazole-alt-5,5-(4’,7’-di-2-thienyl-
2’,1’,3’benzothiadiazole) (PCDTBT) 
Solaris  SOL4280 
(68-85Dka) 
Electronic 
grade 
 [6,6]-phenyl C70-butyric acid methyl 
ester (PC[71]BM) 
 
Solaris SOL5071 
 
99.9% 
Titanium diisopropoxide 
bis(acetonate) 75% in isopropanol 
Sigma-Aldrich - - 
(poly(3,4-ethylenedioxythiophene): 
poly(styrenesulfonate))PEDOT:PSS  
Heraeus Precious 
Metals GmbH & 
Co. KG) 
Al 4083 
 
  
0.8%w/V  
in water 
Polyethylene imine (PEI)  
750,000 MW in water 
Sigma-Aldrich 
 
 
 
50%%w/V  
in water 
1,2-dichlorobenzene  (ODCB) Sigma-Aldrich  99% 
Isopropanol Sigma-Aldrich  99.7% 
Glacial acetic acid Sigma-Aldrich  100% 
Ammonium Hydroxide Sigma-Aldrich  30-35% 
Molybdenum (VI) oxide Sigma-Aldrich  99% 
UV-cure epoxy Ossila Ossila's 
E131  
- 
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Figure 2.1 Chemical structures of materials which were utilized in this study. 
 
2.2 Material for solution processable interlayer, synthesis and preparation 
2.1.1 PEDOT:PSS  
PEDOT:PSS 0.8%w/V (Al 4083 purchased from Heraeus Clevios ) was diluted 
with isopropanol at 1:1 ratio and to avoid any aggregation of PEDOT:PSS the solution 
was shaken for 30 minutes. The PEDOT:PSS film was obtained by using 5000 rpm for 
the spin coater for 40s.  
2.1.2 Molybdenum oxide (MoOx) hole interfacial layer  
MoOx precursor solution was synthesized by dissolving 150 mg molybdenum 
(VI) oxide (purchased from Sigma-Aldrich) in 1 mL of 30% ammonium hydroxide as a 
stock solution. Prior to deposition, the stock solution was diluted with deionized water 
to decided concentration as the testing conditions. The spin coating process involved 
using 8,000 rpm for 40 s, then baked at 150ºC for 20 minutes in air. 
2.1.3 Titanium oxide (TiOx) electron interfacial layer  
Titanium oxide sol-gel was synthesized by adding 1 mL titanium diisopropoxide 
bis(acetonate) (75% in isopropanol to be used as titanium oxide precursor) into 8 mL 
isopropanol and stirred. Glacial acetic acid 0.5 mL was then added into titanium oxide 
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precursor solution followed by 0.5 mL of deionized water and heated at 60 ºC 
overnight. Prior to deposition, titanium oxide stock solution was diluted with 
isopropanol to decided concentration before depositing on top of the active polymer. To 
deposit TiOx film, spin coating was used at 5000 rpm for 40 s.  
2.1.4 Polyethoxylate imine (PEI) as electron interfacial layer  
The 50% w/v of PEI (MW 750,000) purchased from Sigma-Aldrich, was diluted 
with 2-methoxyethanol to obtain 0.5%w/V. This solution was deposited on top of the 
active polymer as ETL by spin coating at 5000 rpm for 40s. Prior to deposition, the PEI 
stock solution was diluted with 2-methoxyethanol to decided concentration before 
depositing on top of the active polymer. 
To deposit TiOx-PEI bilayer, after spin coating of TiOx, a PEI layer was coated 
on top of the TiOx layer by using the same spin speed as for a single layer PEI.   
2.2 Film and material characterization 
2.2.1 Film thickness measurement 
The thicknesses of the active layer and interlayers are important parameters. 
They are related to the PSC device performance. To determine the thickness of the 
films, a stylus profilometer was used. The active layer film was cast onto the substrate 
and a toothpick was used to make a scratch down to the substrate to enable the 
determination of the step height between the active layer film and the substrate. To 
achieve the desired film thickness, reference samples were spun on top of the glass 
slides. A trench was then scraped in the active layer using a toothpick, and the depth 
was measured by using a Dektak surface profilometer as shown in Figure 2.2 below. 
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Figure 2.2 (A) Dektak stylus tip moving linearly across active layer surface, (B) typical obtainable thickness profile 
of active layer or film step. 
2.3 Fabrication of single junction PCDTBT:PC[71]BM polymer solar cell  
For a single junction polymer solar cell, there are six steps that make the device 
ready for testing; which are: 
(i) Substrate cleaning 
(ii) Deposition of hole transport layer 
(iv) Deposition of active Layer 
(v) Aluminium cathode evaporation 
(vi) Device encapsulation  
(vii) Making electrical contact by using ultra-sonication soldering iron 
2.3.1 Substrate cleaning process 
The ITO substrate was purchased from Xin Yan Technology Limited. This ITO 
substrate is made from a 90 nm ITO coated glass, which has a typical conductivity of 15 
ohm/sq and transparency at 550 nm above 85%; as shown in Figure 2.3. 
To make sure that this glass substrate was clean and had a good wettability, a 
substrate cleaning procedure was employed to ensure that the contamination on the ITO 
substrate was minimised to coat the next layers.  
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First, the protective plastic film on the substrate was removed and the substrate 
was placed into the substrate cleaning rack. To remove residual contaminants, which 
may be a result of the processing or shipping from the company, these substrates were 
sonicated in dish washing water solution for 15 minutes, followed by the removal of 
organic residues by using ultra-sonication of the substrates in acetone and isopropanol 
for 15 minutes for each steps. Then, they were blown dry with a nitrogen gas gun.  
. 
Figure 2.3 Light transmission of indium tin oxide substrate purchased from Xin Yang Co Ltd. 
After the substrates were dried with nitrogen gas gun, the ITO substrates were 
UV-Ozone treated for 15 minutes, to ensure that the substrate had good wettability. A 
Novascan PSD UV-O3 treatment system was used to create a hydroxyl rich surface in 
ambient air. During the UV ozone treatment, UV light will create an ionized oxygen and 
oxygen radical which form ozone; as shown in Equations 2.1 and 2.2. The impurity, 
such as a small organic molecule on the substrate surface can also be excited by UV 
light and react further with the ozone gas and decompose to form a volatile molecule 
which will leave the substrate clean and have good wettability towards polar solvents. 
O2+UV light → 2O·                                     Eq.2.1 
2O·+O2→ 3𝑂                                      Eq.2.2 
2.3.2 The deposition of PEDOT:PSS 
The PEDOT: PSS layer is the hole interfacial layer that is usually utilized in 
polymer solar cells. This film can perform many functions such as:  providing  a smooth 
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surface on the ITO, enhancing the wettability of the active layer on the substrate, and 
block the electron from recombining at the ITO surface. However, the PEDOT:PSS 
easily agglomerates, therefore isopropanol is used to adjust the concentration that suits 
processing with the spin coating technique. Thus in this thesis, the PEDOT:PSS solution 
(Heraeus Clevios Al 4083)  was modified by filtering through a 0.45 μm PVDF filter, 
and then diluted with isopropanol at a 1:1 ratio. Figure 2.4 shows the method to remove 
the agglomerated PEDOT:PSS suspended in water.   
 
Figure 2.4 Removal of agglomerated PEDOT:PSS particle from the PEDOT:PSS solution diluted with isopropanol. 
  
The typical thickness of the PEDOT:PSS  was 30-40 nm which can be 
accomplished by applying the spin coating method  at 5000 rpm for 40 seconds to 
produce a dry film. After PEDOT:PSS film  deposition, the PEDOT:PSS was visually 
inspected for defects. The defected PEDOT:PSS films are discarded in this process.   
After the spin coating, the excess PEDOT:PSS film was removed by using an 
isopropanol-soaked cotton tip to clean the excess area of PEDOT:PSS film. After that, 
the PEDOT:PSS coated substrate was annealed on top of a hotplate at 150⁰C  for 15-25 
minutes. 
2.3.3 Active layer deposition process 
The active layer deposition was performed in air. However, to minimise the 
effect of oxygen and light, the exposure time and light levels during the process should 
be minimised.  
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The typical active polymer used in this study was PCDTBT:PC[71]BM with 1:4 
ratio (4 mg of PCDTBT and 16 mg of PC[71]BM) dissolved in 1,2-Dichlorobenzene at 
120 ⁰C for 12 hours.  
The typical thickness applied in this study was 80±5 nm. This was achieved by 
using a spinning speed of 1100 rpm for 120s to ensure that this polymer solution was 
dried. The typical concentration of the PC[71]BM was the high concentration in the 
active layer solution. To avoid the aggregation of the PC[71]BM and PCDTBT  
(Figure 2.5 (A)), the active polymer solution was heated up to 60⁰C and stirred during 
the active layer deposition (Figure 2.5(B)).  
 
Figure 2.5 (A) active polymer film spin casted from room temperature active solution. (B) the active polymer film 
which was spin casted from 60⁰C active polymer solution. 
Prior to cathode deposition, an ITO strip at the cathode side was cleaned by 
using a cotton tip dipped with toluene to clean away the active polymer film. Finally, 
the sample substrates were placed facing down in the shadow mask (as shown in  
Figure 2.6).  
 
Figure 2.6 Placing the substrates into the shadow mask. 
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2.3.4 Metal (cathode) evaporation    
In the metal evaporation step, a low work function metal such as aluminium 
metal was chosen to make a cathode contact. The evaporation rate was controlled by 
following these three steps to obtain an aluminium thickness of 120 nm. 
(i) For the first 0-5 nm thick aluminium layer, the evaporation rate was  
0.5 Å/s 
(ii) For the next 5-50 nm, the evaporation rate was increased to 1.5 Å/s  
(iii) For the  final 50-120 nm, the evaporation rate was >1.5 Å/s. 
Once finished, the material was allowed to cool down for 30 minutes before 
returning the chamber to atmospheric pressure.   
2.3.5 Device encapsulation 
The device was encapsulated in a glove box to avoid the degradation caused by 
the oxygen and moisture prior to the device testing. This process was done by dropping 
the UV-curable epoxy on top of the aluminium electrode, and placing a cover slide on 
top of the epoxy. After that, the sample was illuminated with UV-light from a UV-gun 
for 1 minute.   
2.3.6 Making electrical contact  
The electrical contact is also important to enhance repeatability during the 
current voltage measurement. An ultra-sonication soldering iron was used. 
 
Figure 2.7 Organic solar cell devices with soldering contacts 
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2.4 Characterization 
2.4.1 Solar cell device performance 
To determine the solar cell performance, the solar cell I-V curve measurement 
systems model IV16 (L) was employed to measure the current-voltage characteristic of 
the solar cell under continuous white light illumination.   
There are two main components for device testing measurement: (i) solar 
simulator and (ii) the I-V curve measurement system (Figure 2.8). The latter comprises 
the electronic load and the data acquisition (DAQ) system controlled by the software 
that is developed by PV Measurements Inc. 
The DAQ (Keithley model 2400) applies the potential to the solar cell device under 
light illumination, then measures the actual current for each voltage applied. PSC 
devices with an effective area of about 0.060 cm-2 were measured under 100 mW cm-2, 
AM 1.5G (1.5 air mass global) spectrum from a solar simulator calibrated by standard 
silicon diode. The PSC is defined by the overlap of the ITO and aluminium electrodes 
(Figure 2.9). 
 
Figure 2.8 The two main components of the I-V measurement system in this thesis; a simulated 100 mW cm-2 air mass 
(AM) 1.5G solar simulation (solar simulator from OAI Instruments, model TriSOL) and a Keithley 2400 source 
measure unit were used. 
 
 
 
 61 
 
 
 
Figure 2.9 The layout of the investigated PSCs. 
The power conversion efficiency (PCE) was calculated by using Equation 2.3.  
𝑃𝐶𝐸 =
𝐽𝑚𝑎𝑥×𝑉𝑚𝑎𝑥
𝑃𝑖𝑛
=
𝐹𝐹×𝐽𝑠𝑐×𝑉𝑜𝑐
𝑃𝑖𝑛
× 100                                        Eq.1.8 
Where JSC, short-circuit current density, mA cm
-2; VOC, open-circuit voltage, V; FF, fill factor; 
Pin, intensity of incident light, mW cm
-2 (for one sun with AM 1.5 G, the value is 100 mW cm-2) 
.The RS and RSH can be extracted from the inverted slope of the J-V curve at the open circuit and 
at the short circuit condition (Figure 2.10).   
 
Figure 2.10 A typical J-V characteristic of the PSC device 
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2.4.2 External quantum efficiency 
The parameter that shows how efficiently the PSC device can convert the incident 
photon into electrical current at each incident wavelength is called the external quantum 
efficiency or EQE.  
The EQE is the ratio between the quantities of collected charge carriers over the 
quantities of incident photons within the device active area at a given wavelength 
(Figure 2.12). The calculated current density can be obtained from Equation 2.4.  
𝐽𝑠𝑐 = ∫ 𝑒 𝐸𝑄𝐸(𝜆)𝑛𝑝ℎ(λ)d(𝜆)                             Eq.2.4 
The principle of the EQE measurement is to illuminate the sample by using a 
monochromatic light and to measure the electrical current (number of generated 
carriers). By varying the wavelength of the light (from 300-800 nm), the relationship 
between the current and the number of incoming photons as a function of wavelength 
can be determined. External quantum efficiency measurements are performed to check 
the effect of the interfacial layers on the optical absorption within the PSC devices. 
 
Figure 2.11 External quantum efficiency (EQE) spectra for PSCs 
2.4.3 Conductivity measurement of the interfacial layer 
Due to the thickness of an interfacial layer being only a few nanometres 
(approximately 5-50 nm) and the conductivity of the interfacial layer being too low, the 
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conductivity of the interfacial layer could not be determined by using the 4-probe 
measurement available in our labs (Jandel RM-3, 1 Ω/□-120 MΩ/□). The conductivity 
of the interfacial layer was determined by depositing TiOx or PEI on a structured ITO 
substrate.  
The thickness of the electron interfacial layer was controlled by varying the 
concentration of the solution. Spin coating was used under the same conditions as in 
PSCs device fabrication.  A new device structure was adapted as shown in Figure 2.12. 
The same ITO glass substrates used for making solar cell devices were used here. The 
current was too low (<10 pA) to be measured between the two ITO strips shown in 
Figure 2.12. Therefore, a 100 nm thick aluminium layer was evaporated on top of the 
electron interfacial layer. The current probably flowed from the ITO through the 
electron interfacial layer to the aluminium contact and from the aluminium contact back 
to the second ITO electrode, passing the second time through the electron interfacial 
layer.  
The inverse of the slope of this J-V curve was used to compare the resistance of 
the film at various interlayer thicknesses. The contribution from the contact resistance 
between the electrodes and the interfacial layer was not known, but can in principle be 
inferred from the thickness dependent measurements.   The devices consisting of the 
interfacial layers were encapsulated with epoxy and glass slide similarly to the PSC 
device. The voltage was applied between the separated ITO strips and the current was 
measured by using a Keithley model 2400. 
 
Figure 2.12 A diode device structure for film conductivity measurement. 
 
 
 
 
 
CHAPTER 3 
THE DEVELOPMENT OF SOLUTION 
PROCESSABLE ELECTRON INTERFACIAL 
LAYERS FOR POLYMER SOLAR CELLS WITH 
INCREASED PHOTO-VOLTAGE 
3.1 Introduction 
It has been proposed that the maximum VOC in bulk heterojunction polymer solar 
cells (PSC) is related to the energy difference between the highest occupied molecular 
orbital (HOMO) of the donor and the lowest unoccupied molecular orbital (LUMO) of 
the acceptor (ΔEDA).1-6 However, the VOC of PSCs measured under 100 mW cm-2 white 
light illumination is often lower than this predicted value ΔEDA (Figure 3.1).  Reasons 
mentioned in the literature for the lower VOC are the energy losses in the process of 
formation of a charge transfer state,5 the presence of large dark current (low shunt 
resistance),3,7,8 charge recombination at the electrode interfaces and band bending at the 
contacts.9  
Eq. 1 describes the relationship between VOC and ΔEDA, considering voltage 
losses due to energy barriers at the contacts10-12  
𝑞𝑉𝑜𝑐 = ∆𝐸𝐹𝑛,𝑝 = (∆𝐸𝐷𝐴 − 𝜑𝑛 − 𝜑𝑝)                                                                         Eq.3.1 
Where 𝜑𝑛 and 𝜑𝑝  are the injection barrier at the anode and cathode.  
By minimising 𝜑𝑛  and 𝜑𝑝 , it is possible to maximize the VOC of the PSC using 
interfacial layers. 
Most solar cells including polymer solar cells have one or two interfacial layers 
inserted between the active layer and the electrical contacts.13-15  
Figure 3.1 shows the various roles the interfacial layer may play in influencing the 
performance of PSCs. Most importantly, interfacial layers enable the unipolar extraction 
of photogenerated carriers from the active layer to the electrodes by:  
(Process 1) Adjusting the work function (WF) hence the energy barrier height 
between the active layer and the electrodes.16 
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(Process 2) Forming a selective contact for electron or hole extraction by 
blocking the extraction of the opposite sign carriers.17,18 
(Process 3) Preventing surface recombination (Krec).19,20  
In addition, interfacial layers may act as an optical spacer, tuning the optical, 
electromagnetic field in the device via an optical cavity effect (Process 4), influencing 
the absorbed photon current density.17,18  
 
Figure 3.1 The effect of using electron interfacial layer in solar cell devices. 
3.1.1 Purpose of the chapter and methodology 
The purpose of this chapter is to investigate the extent to which the VOC of 
polymer solar cells can be increased by using electron interfacial layers (i) TiOx and (ii) 
polyethylene imine (PEI). These two materials have been selected because their 
mechanism of operation may have different origins. TiOx is an electron transport 
material (electron mobility (µe) approximately 1.7x10-4 cm2V-1s-1)17 with suitable CB 
level matching the LUMO of PCBM.17 The hole mobility is known to be low and the 
VB is very deep. Therefore, it fulfils the role of electron selective contact. PEI, on the 
other hand, is a polyelectrolyte with a non-conjugated backbone, hence very low 
electrical conductivity. Due to a large number of amine groups, the operation of this 
layer has been associated with changing the work function of the electrodes due to 
dipole interactions.16,21-23 The amine group within the PEI molecule forms a molecular 
dipole perpendicular to the direction of the electrode surface and the dipole formed at 
the interface and amine group leading to the change of the electrostatic potential of the 
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surface. The mechanism of work function change of the electrode is associated with a 
partial charge transfer from the amine-containing PEI moieties to the electrode surface. 
Although the PEI layer has an insulating nature, an electron can be injected by 
tunnelling if this layer is thin enough.   
Since the above layers have moderate to low electron mobility, the thickness of 
the interfacial layers is a critical parameter affecting electron conduction in the device. 
Both of these chosen layers can be deposited from solutions using spin coating. To vary 
the interfacial layer thickness, the TiOx precursor and the PEI are dissolved in different 
solution concentrations and deposited using the same spin speed. The effect of 
interlayer thickness on the PV performance is determined.  
As active layer, poly[N - 9′-hepta-decanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-
2′,1′,3′-benzothiadiazole)](PCDTBT):)]:[6,6]-phenyl-C70-butyric acid methyl ester 
(PC[71]BM) was chosen because of its relatively high performance and high VOC, its 
commercial availability, and reproducible fabrication protocols, making it an ideal 
material for achieving the goals of this study.24,25 The device structure chosen is the 
normal geometry: ITO glass/PEDOT:PSS/active layer/interfacial layer/Al.  
The solvent used for the interfacial layer may penetrate the active layer and 
influence the work function of the hole interfacial layer PEDOT:PSS26-28 or the 
properties of the active layer. Therefore, two control devices are chosen for this study; 
one with the interfacial layers and one without interfacial layers, but treated with the 
same solvent (isopropanol and 2-methoxyethanol) without depositing the interfacial 
layer materials themselves.  
To understand the origin of the effect of the two interfacial layers, the device 
performance is analysed by comparing the series and parallel resistance. External 
quantum efficiency measurements are performed to check the effect of the interfacial 
layers on the optical absorption within the PSC devices. The crystallinity of the titanium 
oxide may affect the electrical conductivity. Therefore, XRD is performed to check the 
crystallinity of this later, as deposited. The conductivity of the interfacial layers is tested 
by casting the films on top of ITO glass and depositing aluminium on top. Based on the 
findings of the studies of the two interfacial layers, a new approach is proposed 
combining the two interfacial layers into a double-layer/interfacial-layer combination. 
This new layer shows the most promising performance, improving the VOC 
considerably. 
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3.2 Experimental 
3.2.1 Fabrication of interlayers  
PEDOT:PSS 0.8%w/V (Al 4083, Heraeus Precious Metals GmbH & Co. KG) 
was diluted with isopropanol at 1:1 ratio and shaken using an orbital shaker for 30 
minutes. The PEDOT:PSS film was deposited using spin coating at 5,000 rpm for 40 
second.  
The TiOx interfacial layer was prepared by a sol-gel route.29 A precursor solution 
containing 1 mL titanium diisopropoxide bis(acetonate) 75% in isopropanol was diluted 
in 8 mL isopropanol and stirred. A 0.5 mL glacial acetic acid aliquot was added, 
followed by 0.5 mL of deionized water. The solution was heated to 60⁰C and kept 
overnight. Prior to deposition, the titanium oxide stock solution was varied by dilution 
with isopropanol to obtain concentrations of 15.0, 12.5, 10.7, 9.3 mg/mL of titanium 
diisopropoxide bis(acetonate). The deposition of TiOx was performed by spin coating at 
5000 rpm for 40 s. The same solvent used for dilution of the stock solution of the 
electron interfacial layer to deposit on top of the active layer was also used for the study 
of the effect of solvent treatment. 
50% w/v of PEI (MW 750,000, Sigma-Aldrich), was diluted with 2-
methoxyethanol to get 5.0, 2.5, 1.3 and 0.63 mg/mL PEI solution (based on solid 
content). This solution was deposited on top of the active layer by spin coating at 5000 
rpm for 40s.  
3.2.2 Device fabrication  
ITO substrate (Xin Yan Technology Limited) was cleaned by ultra-sonication in 
washing detergent, deionized water, acetone and isopropanol, for 15 minutes each step; 
followed by UV-Ozone treatment for 15 minutes. The photoactive layer, either on top of 
the hole contact interfacial layer or on ITO, was deposited by spin coating a solution of 
PCDTBT (7 mg/mL) and PC[71]BM (28 mg/mL) dissolved in 1,2-dichlorobenzene (o-
DCB)  at 1100 rpm. A 120 nm thick aluminium layer was thermally evaporated at < 10-6 
mbar either directly on top of the active layer, or following the deposition of an electron 
interfacial layer. Devices were encapsulated using a UV epoxy resin in an argon-filled 
glove box.  
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3.2.3 Device characterization 
Current density–voltage (J–V) characteristics were measured under air mass 
1.5G solar illumination (100 mW cm-2) by using a Keithley 2400 source measurement 
unit. External quantum efficiency (EQE) spectra were measured using an EQE system 
(PV measurement, model QEX10). Both the entrance and exit slit widths for the 
monochromator were set to obtain bandwidth of 6 nm (smaller than the active area of 
the devices). The photocurrent response of the PSC was recorded in 10 nm wavelength 
per step from 300-800 nm. The calculation of short circuit currents was performed by 
integration of the current response of the PSC, varying from 300 - 800 nm in reference 
to a calibrated Si diode (LMR1/M) at each step. 
3.2.4 Interlayer characterization 
TiOx interlayers or PEI were cast on a quartz slide with the same spin speed as 
used in the PV device fabrication (5,000 rpm). The changes in the thickness of the 
interlayers with changing concentration of the precursor solution were observed by UV-
absorption.  
3.2.4.1 X-Ray Diffraction  
The crystal structure of the films was examined by X-ray diffraction (XRD) with 
CuKa radiation. A 2 µm thick TiOx film was prepared by drop casting the TiOx 
precursor solution (75 mg/mL, 100 µL). The solution was left to dry at room 
temperature overnight. Another sample was prepared by drop casting the same solution, 
drying for 1 hour at room temperature followed by annealing at 450 ⁰C for 1 hour.  
3.2.4.2 Conductivity measurement 
The conductivity of the interfacial layer was determined by depositing TiOx or 
PEI on a structured ITO substrate.  
The thickness of the electron interfacial layer was controlled by changing the 
concentration of the solution. Spin coating was used under the same conditions as in 
PSCs device fabrication. It is noted that the films were too resistive to measure 
conductivity using the 4-probe measurement available in our labs (Jandel RM-3,  
1 Ω/□-120 MΩ/□). 
Therefore, a new device structure was adapted as shown in Fig 3.2. The same 
ITO glass substrates used for making solar cell devices were used here. The current was 
too low (<10 pA) to be measured between the two ITO strips shown in Figure 3.2. 
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Therefore, a 100 nm thick aluminium layer was evaporated on top of the electron 
interfacial layer. The current probably flowed from the ITO through the electron 
interfacial layer to the aluminium contact and from the aluminium contact back to the 
second ITO electrode, passing the second time through the electron interfacial layer.  
The slope of this J-V curve was used to compare the resistance of the film at 
various interlayer thicknesses. The contribution from the contact resistance between the 
electrodes and the interfacial layer is not known.   
The devices consisting of the interfacial layers were encapsulated with epoxy 
and glass slide similarly to the PSC device. The voltage was applied between the 
separated ITO stripes and the current was measured as schematically shown in  
Figure 3.2 by using a Keithley model 2400. 
 
Figure 3.2 A diode device structure for film conductivity measurement. 
3.3 Results 
3.3.1 TiOx electron interfacial layer 
3.3.1.1 TiOx thickness estimation by using UV-Vis absorption  
The thickness of the TiOx interlayer was tuned by changing the TiOx precursor 
concentration while keeping the spin speed constant. To validate this methodology, UV 
absorption measurements were performed. Measuring the TiOx layer with thicknesses 
less than 20 nm using a stylus profilometer or AFM was difficult. Accurate thicknesses 
could not be determined, thus UV-Vis was chosen to characterize the change in TiOx 
thickness with precursor concentration. 
 Figure 3.3  shows the UV-Vis absorption spectra of the TiOx film spin coated on 
quartz substrate from various concentrations of the precursor solutions. The TiOx films 
show a UV-Vis absorption peak at 244 nm. Increasing the concentration of TiOx 
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precursor (from 9.3 to 15.0 mg/mL) resulted in increased absorption of TiOx film from 
0.2 to 0.31. To estimate the thickness of the TiOx interfacial layer, TiOx stock solution 
was cast on a quartz slide and the film’s absorption was measured. From the UV-Vis 
absorption and the thickness (83 nm), the TiOx absorption coefficient was calculated 
(8.6×104 cm-1). Using this value, the TiOx thickness was estimated from UV-Vis 
measurements as shown in Table 3.1.  
The absorption coefficient was calculated from the average of the three 
measurements. According to the UV-Vis absorption spectra results, it can be seen that 
the absorbance of the films increased with increasing TiOx concentration of the 
precursor solutions (Figure 3.3 ). Thus, it was implied that the TiOx film thickness was 
able to be tuned by changing the concentration as presented in Table 3.1.  
Therefore, after this section, the TiOx thicknesses in Table 3.1 will be referred to 
as the films prepared with various concentrations of the precursor solution (Table 3.1).    
Table 3.1 TiOx thicknesses estimation based on optical density.  
Precursor concentration 
(mg/mL) 
Peak absorbance at 
244 nm 
Estimated thickness  
(nm) 
15.0 0.28 34.6 
12.5 0.26 32.1 
10.7 0.23 28.4 
9.3 0.17 21.0 
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Figure 3.3 UV-Vis absorption of TiOx layer deposited on quartz from various concentrations of TiOx solution. 
 
3.3.1.2 Device Performance of PSC using TiOx as electron interfacial layer 
To investigate the effect of TiOx layer on the performance of PSC, three 
different types of devices were compared, comprising the reference device (Al), the 
devices treated with the solvent only (isopropanol), and TiOx. Figure 3.4 and Table 3.2 
summarize the photovoltaic performance (VOC, JSC, FF, PCE, RSH, and RS of PSC), 
averaged for at least seven devices.  
The average open circuit voltage (VOC) of ‘no interfacial layer devices’ was 822 
mV, the short circuit current was 11.5 mA cm-2, the FF was 0.53 and the PCE was 
5.0%. The shunt and series resistances (RSH and RS) were 517 and 16 Ω cm-2 
respectively. In comparison, the isopropanol treated device showed similar VOC (827 
mV), slightly higher JSC (12.4 mA cm-2) and similar FF (0.53), resulting in slightly 
higher averaged PCE of 5.3%. The isopropanol treatment did not change the VOC of the 
device, however, the photocurrent increased by 7%, which may be due to the increased 
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conductivity of the PEDOT:PSS layer. There are literature reports suggesting a similar 
effect using a methanol treatment of the solar cell leading to higher photocurrent.26,27  
Inserting the TiOx layer between the active layer and aluminium electrode 
enhanced the VOC of the PCDTBT: PC[71]BM PSC by 31-50 mV, compared with the 
devices with no interlayer or the isopropanol treated device. Depositing a 34.6 nm thick 
TiOx layer led to an increase of the VOC by 31 mV, a lower JSC (10.8 mA cm-2) and  FF 
(0.42), resulting in lower PCE (3.9%). Using a 34.6 nm TiOx layer also increased the 
series resistance (65 ohm cm-2). On decreasing the TiOx thickness to 28.4 nm, the 
photovoltage of PSCs was increased by 36 mV compared with no interfacial layer, 
while the JSC, FF, RSH and RS remained similar to a device with no electron interfacial 
layer. At this condition, the PCE had increased to 5.3%. Further decreasing the TiOx 
layer thickness (21.0 nm) resulted in lower VOC and lower photovoltaic performance.  
Figure 3.4 shows that the highest VOC and performance was achieved by using 
10.7 mg/mL precursor concentration corresponding to 28.4 nm of TiOx thickness. 
Furthermore, a higher solution concentration led to a large standard deviation of the 
device parameter. For example, the deposition of TiOx using 15.0 mg/mL precursor 
concentration led to a large variation of VOC (±30 mV), JSC (±0.6 mA cm-2), FF (±0.04) 
and PCS (±0.5%). This is possibly due to the large variation in TiOx thickness. 
Decreasing the concentration of TiOx precursor resulted in less variation in device 
parameters. This is possibly due to better reproducibility and consistency of the 
interlayer fabrication.  
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Table 3.2– Average and standard deviation of the photovoltaic performance of PSC using TiOx as interfacial layer. 
 
 
*Isopropanol treatment. 
Note:    the number in the bracket is the standard deviation.   
Figure 3.5 compares the J-V characteristics obtained for PSCs fabricated with 
various thicknesses of the TiOx interfacial layer with that of devices prepared with no 
electron interfacial layer or treated with isopropanol. The J-V curves were chosen to 
match the closest to the average efficiency in Figure 3.4 and Table 3.2. Compared with 
the PSC with no interfacial layer, isopropanol treatment showed similar VOC and FF 
with higher JSC, resulting in higher PCE as in Figure 3.4. Inserting 34.6 nm of TiOx film 
led to an s-shaped J-V curve with decreasing JSC, and FF and slightly lower VOC, 
resulting in lower PCE. A possible reason for the s-curve is the low conductivity of the 
thicker TiOx layer. This leads to larger voltage losses due to charge transport through 
the electron interfacial layer. Decreasing the TiOx layer thickness (28.4 nm, 10.7 
mg/mL) led to an increased photovoltage of PSCs by 36 mV compared with no 
interfacial layer, while the JSC, and  FF, remained similar to a device with no electron 
interfacial layer. There was no s-curve behaviour observed, suggesting that the 
conductivity of the TiOx was high enough at this thickness (10.7 mg/mL TiOx precursor 
concentration). 
Electron contact 
electrode 
Estimated 
interfacial 
thickness 
(nm) 
Average photovoltaic parameters Calculated 
JSC 
 (mAcm-2) 
from EQE 
 
RSH 
(Ωcm-2) 
RS 
(Ωcm-2) 
Number 
of the 
PSC 
devices  
VOC 
(mV) 
JSC  
(mA cm-2) 
FF PCE 
(%) 
Al - 
820 
(20) 
11.5 
(0.7) 
0.53 
(0.04) 
5.0 
(0.50) 
10.57 520 
(200) 
16 
(2) 
16 
Isopropanol* - 
830 
(10) 
12.4 
(0.4) 
0.53 
(0.02) 
5.3 
(0.30) 
10.53 450 
(90) 
15 
(1) 
8 
15.0 mg/mL TiOx 34.6 
860 
(30) 
10.8 
(0.6) 
0.42 
(0.04) 
3.9 
(0.50) 
8.93 390 
(130) 
65 
(50) 
7 
12.5 mg/mL TiOx 32.1 
 870 
(20) 
11.3 
(0.8) 
0.48 
(0.02) 
4.8 
(0.30) 
9.70 430 
(210) 
29 
(14) 
8 
10.7 mg/mL TiOx
 28.4 
870 
(30) 
11.8 
(0.4) 
0.52 
(0.02) 
5.3 
(0.40) 
10.34 510 
(140) 
14 
(2) 
16 
9.3 mg/mL TiOx 21.0 
850 
(30) 
11.2 
(0.6) 
0.52 
(0.02) 
5 
(0.30) 
9.81 550 
(110) 
16 
(1) 
8 
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Figure 3.4 Comparison of performance parameters of PSCs using TiOx interfacial layers: (a) open circuit voltage, 
(b) short circuit current, (c) fill factor, efficiency, (d) power conversion, (e) series resistance, and (f) shunt resistance. 
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Figure 3.5 J-V characteristics of PSCs using TiOx as interfacial layer measured under calibrated 100 mW cm-2 , AM 
1.5 white light illumination. 
3.3.1.3 Series and parallel resistances of PSC using TiOx as interfacial layer  
Figure 3.6 shows the J-V characteristics in the dark of the polymer solar cells. 
Semi-log plot of the dark J-V plot revealed the rectification behavior of the diode. At 
forward bias (+1.5 V), the slope of the current versus voltage curve was related to the 
series resistance (RS).  At reverse bias (-1.5 V), the slope of the current versus voltage 
curve was related to the shunt resistance RSH and leakage current. 
 PSCs with no electron interfacial layer showed current density at +1.5 V of 
almost 70 mA cm-2. The current density at -1.5V was 0.03 mA cm-2, while RS and RSH 
of the PSC were 16 and 520 Ω cm-2 respectively.  
The isopropanol treatment did not seem to change the RS (15 Ω cm-2). The RSH, 
on the other hand, was lower. The reverse bias saturation current was small (<0.1 mA 
cm-2) and had no significant effect on the solar cell performance under white light 
measurement (See Fig. 3.6 and Table 3.2).  
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Figure 3.6 J-V characteristics of PSCs using TiOx as interfacial layer measured in the dark. 
 
Inserting the TiOx electron contact layer led to changes in current densities 
measured in the dark. Using a high concentration of the TiOx precursor (15.0 mg/mL), 
the current density at +1.5 V significantly dropped from 70 mA cm-2 ( no interlayer) to 
11.2 mA cm-2.  Similarly, at -1.5 V, the current was also lower (0.0039 mA cm-2), 
resulting in lower shunt resistance (390 Ωcm-2). Decreasing the concentration of the 
TiOx precursor (10.7 and 9.3 mg/mL) led to an increase of the current at +1.5 V (lower 
series resistance), reaching similar values to the device with no interfacial layer. The 
similar RSH and RS values suggest that the change in the series and parallel resistance 
was not the main reason for improved VOC of the devices incorporating the TiOx 
interfacial layer (10.7 mg/mL). 
3.3.1.4 EQE of PSC using TiOx as interfacial layer 
Figure 3.7 shows the external quantum efficiency (EQE) spectra of PSCs 
devices using TiOx as electron interfacial layers. The calculated JSC, obtained from the 
integration of the EQE spectra from 300 nm to 800 nm, is included in Table 3.1. 
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. The calculated JSC is approximately 9-15% lower than that obtained by J-V 
measurements at 100 mW cm-2 white light illumination, which is attributed to a 
measurement error (in the J-V measurements under white light) due to device area edge 
effects, as have been reported by Cravino et al.30 The extra photocurrent under  
100 mW cm-2 white light illumination is attributed to charge collection from a device 
area outside of the geometric area defined by the overlap of the top metal and bottom 
ITO contact. A highly conductive of PEDOT:PSS hole transport layer deposited on the 
ITO increased the effective area. Note that for EQE measurement, the monochromatic 
light was focused inside and was smaller than the device active area, whereas under 100 
mW cm-2 white light illuminations, the area was defined as described above. More 
evidence for this effect is presented in Chapter 6 when the PEDOT:PSS layer was not 
used. 
 
Figure 3.7 External quantum efficiency (EQE) spectra for PSCs with TiOx electron interfacial layer. 
The PSCs with no electron interfacial layer show two EQE peaks at 390 nm and 
at 560 nm with EQE values of 69 % and 66%, respectively. Isopropanol treatment led to 
a lower EQE value by 2% at 390 nm. The value at 560 nm remained the same and the 
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tail of the EQE spectrum showed a 4 nm red shift. The calculated JSC from EQE did not 
change. The slightly increased JSC following isopropanol treatment is therefore 
consistent with increased conductivity of the PEDOT:PSS causing an error in the JSC 
measurement under 100 mW cm-2 white light measurements. Inserting a TiOx electron 
interfacial layer (10.7 mg/mL) resulted in a 10 nm red-shifted EQE peak at 400 nm and 
decreased EQE values at the second peak (560 nm) by 3%. For thicker TiOx interfacial 
layers (12.5 and 15.0 mg/mL), the EQE values decreased by 12.6%, consistent with the 
JSC decrease in Table 3.2. 
The EQE measurements show that inserting a TiOx layer led to a decrease in the 
calculated JSC. The JSC decrease may originate from the more resistive electron transport 
of the TiOx. The decrease of EQE values is correlated with the increase in the thickness, 
hence the resistance of the TiOx.  However, the photocurrents from PSCs with various 
thicknesses of the TiOx interfacial layers do not converge to the same value at large 
negative bias (-1.5 V) when the bias should be sufficiently large to extract all photo-
generated charge carriers. The difference between the JSC, therefore, could be attributed 
to differences in light absorption in the photoactive layer. Due to the photoactive layers 
thicknesses being less than the wavelength of visible photons, PSC structures form an 
optical cavity with incident light reflected from the aluminium cathode. Inserting TiOx 
at the aluminium contact may degrade the quality of the optical cavity or influence light 
absorption strength in the photoactive layer by tuning the electro-optical field. Without 
detailed optical modeling, beyond the scope of this thesis, the possible contribution 
from decreasing photocurrent due to optical effects cannot be determined.  
For example, the decreasing of the JSC in the PCDTBT:PC[71]BM device, can 
be explained by Gilot et al‘s work,31 who used an optical model to calculate the effect of 
a ZnO optical spacer in a PSC based on P3HT:PCBM (Figure 3.8). The calculated JSC 
fluctuates with active layer thickness due to interference effects.31 Maximum JSC of the 
device without ZnO optical spacer was observed at 80 and 210 nm (Figure 3.8, solid 
line). According to the optical modeling, on inserting an optical spacer, the JSC maxima 
are shifted toward thinner active layer thickness (from 80 nm to thinner active layer). 
When the active layer was thicker than 80 nm, adding the optical spacer did not enhance 
light absorption in the active layer but rather decreased the JSC as seen in the drop in JSC; 
which is similar to the Chu et al. report, who performed the experiment and optical 
simulation of PSC based on ITO/PEDOT:PSS/PCDTBT:PC[71]BM/LiF/Al structure. 
Maximum JSC can be obtained when the active layer thickness was thinner than 80 nm, 
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whereas thicker active layers than that caused the JSC to decrease.32 The reason is due to 
the interference of light which is caused to oscillate along the thickness variations. Roy 
et al. also reported a similar effect with the TiOx layer which can enhance the absorption 
of the active layer, thereby increasing the photocurrent and the PCE when the active 
layer was thin (60 nm).18  
 
Figure 3.8 Calculated short circuit current as a function of active layer thickness based on P3HT:PCBM with ZnO 
optical spacer (copied with permission from literature 31). 
 
These examples are show similar results and were more pronounced when using 
a thicker optical spacer. Thus, the decrease in calculated JSC was possibly due to the 
diminishing of the light absorption in the active layer by the optical spacer. These 
results are in good agreement with the calculated JSC when increasing the TiOx 
thickness. Thus, to improve the photocurrent by inserting the optical spacer between the 
active layer and aluminium electrode, the active layer thickness used here needs further 
optimization to achieve higher photocurrent.   
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3.3.1.5 Diode current – voltage measurements of PSC using TiOx as interfacial 
layer 
To test whether the resistances of the films were too high to be determined using 
the 4-point probe setup available in our lab (Jendal RM 3 AR, measurement limit 1 Ω/□ 
to 120 MΩ/□). To test the change in conductivity of the interfacial layers with 
increasing thicknesses, the interfacial layers were cast on a patterned ITO substrate as 
shown in the current between the ITO strips was too low due to the large gap and low 
conductivity of the TiOx layer. Therefore, a 100 nm thick aluminium layer was 
deposited on top of the electron transport layer film. 
The results in Figure 3.10 show that the resistance increased with increasing 
TiOx layer thickness. However, as noted previously (Section 3.2.4.2: conductivity 
measurement), the current between the two ITO strips most likely pass through the 
interfacial layer twice, (Figure 3.2); therefore, the thickness showed in Figure 3.10 is 
double the thickness in Table 3.1.  
The resistance increased non-linearly with increasing thickness. A non-linear 
increase in the resistance was possibly due to the large variation in TiOx thickness or 
changes in conductivity due to adsorption of oxygen and residual organics from the 
precursors which will affect the conductivity.33-35 The proposed mechanism for lower 
conductivity is that Ti3+ states on the TiOx returning to Ti4+ states on O2 adsorption, 
which causes a decrease in conductivity of the TiOx film.33 However, the mechanism of 
the lowering of the conductivity of the TiOx due to adsorption of O2 and impurity is still 
unclear. Furthermore, the TiOx film here was deposited at room temperature. It showed 
an amorphous phase while the TiOx film which was prepared at 450 °C showed an 
anatase phase (Figure A1. in appendix A). Therefore, a low crystallinity may also be the 
cause of the lower conductivity of the TiOx film.  
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Figure 3.9 J-V characteristic of TiOx layer deposited on patterned ITO from various concentrations of TiOx solution 
as shown in Table 3.1. 
 
 
Figure 3.10 TiOx resistance vs TiOx thickness 
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3.3.1.6 Role of TiOx Interlayer in Improving VOC 
Figure 3.4 shows that using TiOx (10.7 mg/mL, 10-15 nm thick) as interfacial 
layer improves the VOC of PSC by 30 mV. This may originate from the better energy 
alignment of the cathode contact (lower φcat in eq. 1) and / or the hole blocking by TiOx 
due to the deep VB top edge position, decreasing surface recombination. Charge 
extraction measurements in Chapter 6 show longer charge carrier lifetime. Furthermore, 
the RS and RSH values calculated for the optimum TiOx interfacial layer are very similar 
to that of the no-interfacial-layer devices. Therefore, it is concluded that the main effect 
of the increased VOC is due to the better alignment of the contact work function. This 
could in principle be both the PEDOT:PSS and the aluminium contact, if the solvent 
used for spin coating penetrates the active layer and influences the PEDOT:PSS layer. 
Using isopropanol as a solvent treatment, however, does not influence the VOC of the 
device, which suggests that this interface is not responsible for the improved VOC. 
Therefore, the photovoltage improvement following the insertion of TiOx layer is 
attributed to the upward shift of the work function of TiOx / aluminium contact as 
shown in Figure 3.12.  
When the TiOx becomes too thick (above 34 nm, Figure 3.5), due to the low 
conductivity, electron transport/extraction at the aluminium electrode is poorer, 
resulting in s-shaped J-V curve and lower FF, resulting in low PCE.  
The reason for the s-shaped curve is attributed to an energy barrier for electron 
transport causing charge accumulation at the active layer/aluminium contact. 36,37Also 
the EQE result shows an over estimation of the JSC measured in calibrated  
100 mW cm-2 compared to the calculated JSC in all measurements. This is because the 
highly conductive PEDOT:PSS can help to produce extra-charge generation and 
extraction from a larger area of transparent conductive contact when J-V curve is 
performed in calibrated 100 mW cm-2 white light illumination.  
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Figure 3.11 Role of TiOx interlayer in improving VOC. 
 
3.3.2 PEI electron interfacial layer 
3.3.2.1 PEI thickness estimation using UV-Vis absorption  
 Figure 3.12 shows the UV-Vis absorption spectra of the PEI films spin coated on 
a quartz substrate from various concentrations of the precursor solutions. The PEI layer 
did not show pronounced absorption peaks within the 190-1100 nm range. To estimate 
the thickness of the PEI film, the PEI film absorption at 200 nm was chosen. Increasing 
the concentration of PEI in the spin coating solution (from 0.63 to 5.00 mg/mL) resulted 
in increased absorption of PEI film at 200 nm, giving values ranging from 0.06 to 0.12. 
To estimate the absorption coefficient of the PEI interfacial layer film, a 235 nm PEI 
film was prepared. The absorption at 200 nm was 0.496: therefore, the absorption 
coefficient was 1855 cm-1. The thickness of the PEI was estimated using this value and 
the measured UV-Vis absorption is listed in Table 3.3. 
3.3.2.2 Device Performance 
To investigate the effect of PEI layer on the performance of PSC, three different 
types of devices were compared, comprising the reference devices (Al), the devices 
treated with the solvent only (2-methoxyethanol), and PEI. Table 3.3 summarizes the 
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photovoltaic performance (VOC, JSC, FF, PCE, RSH, and RS of PSC), averaged for at 
least eight devices.  
 
Figure 3.12 UV-Vis absorption of PEI layer deposited on quartz from various concentrations of PEI solution. 
 
Table 3.3 Estimated PEI thickness based on optical density. 
Concentration 
(mg/mL) 
Highest absorbance values at 
200 nm 
Calculated thickness  
(nm) 
5.00 0.064 35 
2.50 0.044 24 
1.25 0.024 13 
0.63 0.004 2* 
* The number shown is close to the measurement limit of the instrument. Therefore, the thickness reported may not be 
accurate. 
Figure 3.13 compares the device parameters (VOC JSC, FF, PCE, RS and RSH) 
obtained for PSCs fabricated with various thicknesses of the PEI interfacial layer with 
that of the devices prepared with no electron interfacial layers or treated with 2-methoxy 
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ethanol. The photovoltaic properties of the no-interfacial-layer devices is discussed in 
Section 3.3.1 above, namely 822 mV, VOC, 11.5 mA cm-2 short circuit current density, 
0.53 FF and 5.0% PCE. The shunt and series resistances (RSH and RS) are 520, and 16 
Ω cm-2 respectively. In comparison, the 2-methoxyethanol treated device shows similar 
VOC (820 mV), slightly lower JSC (11.2 mA cm-2) and lower FF (0.51), resulting in 
lower averaged PCE of 4.6 %. The 2-methoxyethanol treatment did not change the VOC 
of the device; however, it may have penetrated through the active layer and decreased 
the conductivity of the PEDOT:PSS layer, leading to 2.6% lower photocurrent.  
Inserting the PEI layer using the optimum conditions (1.25 mg/mL), between the 
active layer and aluminium electrode, enhanced the VOC of the PCDTBT: PC[71]BM 
PSC by 50-60 mV, compared with the devices with no interlayer or the 2-
methoxyethanol treated device. Depositing a 34.5 nm of PEI layer led to a decrease in 
the VOC by 10 mV, a lower JSC (9.2 mA cm-2) and FF (0.29), resulting in a lower PCE 
(2.2%). Using a 23.7 nm PEI layer resulted in a lower series resistance (28 Ω cm-2) and 
an increase in the VOC by 50 mV, a higher JSC (11.0 mA cm-2) and FF (0.46), resulting 
in a slightly increased PCE (4.4 %). Decreasing the PEI thickness further to 13 nm, the 
VOC was increased by 60 mV compared with no interfacial layer, while the JSC, FF, RSH 
and RS remained similar. At this condition, the PCE had increased to 5.2%. Further 
decreasing the PEI layer thickness to 2.2 nm resulted in a lower VOC and lower 
photovoltaic performance. Figure 3.13 shows that the highest VOC and performance was 
achieved by using 1.25 mg/mL precursor concentration corresponding to 13 nm 
thickness. Furthermore, a higher solution concentration led to a large standard deviation 
of the device parameter. For example, the deposition of PEI using 5 mg/mL precursor 
concentration led to a large standard deviation of VOC (±60 mV), JSC (±0.2 mA cm-2), 
FF (±0.13) and PCS (±1%). This is possibly due to a large variation in PEI thickness, 
similar to the observed larger standard deviation when using a thicker TiOx layer in 
Section 3.3.1 above. Decreasing the concentration of PEI precursor resulted in less 
variation in device parameters, possibly due to better reproducibility and consistency of 
the interlayer fabrication.  
Figure 3.14 shows the J-V curves obtained for PSCs fabricated with various 
thicknesses of the PEI interfacial layer compared with that of devices prepared with no 
electron interfacial layer or treated with 2-methoxy ethanol. J-V curves were chosen to 
match the closest average efficiency in Figure 3.13 and Table 3.4. Compared with the 
PSC with no interfacial layer, 2-methoxyethanol treatment resulted in similar VOC and 
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lower FF with lower JSC, resulting in a lower PCE (4.6%), similar to that in Figure 3.13. 
Inserting a 34.5 nm of PEI film led to lower JSC, FF and slightly decreased VOC, 
resulting in a lower PCE. Furthermore, this thickness of PEI led to a s-shaped JV-curve. 
A possible reason is, similar to TiOx (Section 3.3.1), that the conductivity was too low 
causing a large drop in the voltage across this interface. Further decreasing the PEI layer 
thickness to 13 nm (1.25 mg/mL) led to an increased photovoltage by 60 mV compared 
with no interfacial layer, while the JSC, and  FF remained similar. Thus, this is the 
optimum concentration of precursor solution and the optimum thickness obtained from 
this study. 
Table 3.4 – Average and standard deviation results of the photovoltaic performance of PSC using PEI and 2-
methoxyethanol as interfacial layer. 
 
#2-methoxy ethanol treatment 
Note:  the number in the bracket is the standard deviation  
Electron contact 
electrode 
Estimate 
interfacial 
thickness 
(nm) 
Average photovoltaic parameters Calculate 
JSC 
 ( mAcm-2) 
from EQE 
 
RSH 
Ωcm-2 
RS 
Ωcm-2 
Number 
of the 
PSC 
devices 
VOC 
(mV) 
JSC  
(mA 
cm-2) 
FF PCE 
(%) 
Al 
- 820 
(20) 
11.5 
(0.7) 
0.53 
(0.04) 
5.0 
(0.50) 
10.57 520 
(200) 
16 
(2) 
16 
2methoxy 
ethanol# 
- 820 
(10) 
11.2 
(0.6) 
0.51 
(0.02) 
4.6 
(0.20) 
10.24 520 
(90) 
22 
(2) 
8 
5 mg/mL PEI 
34.5 810 
(60) 
9.2 
(0.2) 
0.29 
(0.13) 
2.2 
(1.00) 
8.83 190 
(90) 
333 
(325) 
8 
2.5 mg/mL PEI 
23.7 870 
(20) 
11.0 
(0.7) 
0.46 
(0.09) 
4.4 
(1.00) 
9.84 560 
(30) 
28 
(1) 
8 
1.25 mg/mL PEI 
13.0 880 
(20) 
11.2 
(0.6) 
0.53 
(0.06) 
5.2 
(0.80) 
10.19 590 
(20) 
13 
(4) 
16 
0.63 mg/mL PEI 
2.2 870 
(10) 
11.1 
(0.6) 
0.53 
(0.06) 
5.1 
(0.04) 
10.13 600 
(100) 
14 
(3) 
8 
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Figure 3.13 Comparison of performance parameters for PSCs where the PEI layers were deposited on top of the 
polymer active layer. The performance parameters are: (a) open circuit voltage, (b) short circuit current, (c) fill 
factor, efficiency, (d) power conversion, (e) series resistance, and (f) shunt resistance; with (i) no electron interfacial 
layer, (ii) using 2-methoxy ethanol treatment, and (iii) various thicknesses of the PEI electron transport layer. 
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Figure 3.14 J-V characteristics of PSCs using PEI as interfacial layer measured under calibrated 100 mW cm-2 , AM 
1.5 white light illumination. 
 
3.3.2.3 Series and parallel resistances of PSC using PEI as interfacial layer  
Figure 3.15 shows the J-V characteristics measured in the dark for the PSC 
devices with no interfacial layer, with 2-methoxyethanol treatment, and incorporating 
various thicknesses of PEI interfacial layers. 
Compared with the PSC with no interfacial layer, 2-methoxyethanol treatment 
showed slightly higher RS (22 Ω cm-2) which may be due to 2-methoxyethanol 
permeating through the active layer and diminishing the conductivity of the 
PEDOT:PSS. Inserting the PEI electron contact layer led to changes in current densities 
measured in the dark. Using a high concentration of the PEI precursor (5.00 mg/mL) 
resulted in the current density at +1.5V significantly dropping from 70 mA cm-2 ( no 
interlayer) to 4.2 mA cm-2, as a consquence of high series resistance (333 Ωcm-2).  At -
1.5V the current was also lower (0.017 mA cm-2), resulting in low shunt resistance (190 
Ωcm-2).  Decreasing the concentration of the PEI precursor (1.25 mg/mL) led to an 
increase in the current at +1.5 V (lower series resistance), slightly lower values 
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compared with that of the device with no interfacial layer. Decreasing the PEI precursor 
concentration further (0.63 mg/mL) reduced the PEI thickness, leading to lower RS.  
 
Figure 3.15 J-V characteristics of PSCs, using PEI as interfacial layer, measured in the dark. 
 
3.3.2.4 EQE of PSC using PEI interfacial layer 
 Figure 3.16 shows the external quantum efficiency (EQE) spectra of PSCs 
devices using PEI as electron interfacial layer. The calculated JSC, obtained from the 
integration of EQE spectra from 300 nm to 800 nm, is included in Table 3.4. Similar to 
the TiOx layer, the calculated JSC is approximately 4-11% lower than that obtained by 
JV-measurements at 100 mW cm-2 white light illumination, which is attributed to a 
measurement error due to  edge effects of the PSC device.30 The extra photocurrent 
under 100 mW cm-2 white light illumination is attributed to charge collection from extra 
device area outside of the geometric area defined by the overlap of the top metal and 
bottom ITO contact. As explained above for TiOx, section 3.3.1.3, a highly conductive 
PEDOT:PSS hole transport layer deposited on the ITO increases the effective area. For 
EQE measurement the monochromatic light was focused inside and was smaller than 
the device active area (which may cause an error from the conductive PEDOT:PSS), 
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whereas under 100 mW cm-2 white light illuminations, the area was defined as 
described above. More explanation on this effect will be presented in Chapter 6 when 
the PEDOT:PSS layer is not added. 
The PSCs with no electron interfacial layers show two EQE peaks at 390 nm and 
at 560 nm with EQE values of 69 and 66%, respectively. A PEI layer led to a 10 nm 
red-shifted peak and 4 % lower EQE values at 400 nm. Comparing with the PSC with 
no interfacial layer, a slightly decreased calculated JSC was obtained from the 2-
methoxyethanol treated device due to lower conductivity of the treated PEDOT: PSS 
layer than the untreated one. Therefore, the calculated EQE following 2-methoxyethanol 
treatment shows less error. 
 For thicker PEI interfacial layers (1% and 0.5%), the EQE values decreased by 
13%, consistent with the JSC decrease in Table 3.4. Similar to the TiOx layer, the EQE 
measurements show that inserting a PEI layer led to a decrease in the calculated JSC. 
The JSC decrease may originate from the more resistive electron transfer of the PEI 
layer. The decrease in EQE values is correlated with the increase in the thickness, thus 
the resistance of the PEI.  However, the photocurrents from PSCs with various 
thicknesses of the PEI interfacial layers do not converge to the same value at large 
negative bias (-1.5 V), when the bias was sufficiently large to extract all photo-
generated charge carriers. The difference between the JSC therefore could be attributed 
to differences in light absorption in the photoactive layer as explained in Section 
3.3.1.4. When the photoactive layers thicknesses are thinner than the wavelength of 
visible photons, PSC structures form an optical cavity with incident light reflected from 
the aluminium cathode. Inserting PEI at the aluminium contact may reduce the quality 
of the optical cavity or influence light absorption strength in the photoactive layer by 
tuning the electro-optical field. Also, the active layer thickness used here was 80 nm 
thick. As explained in Section 3.3.14, the calculated maximum JSC reported in the 
literatures18,32,38 can be diminished or enhanced by inserting an optical spacer. The 
calculated JSC tends to be increased, when the active layer thickness is thin. For 
example, the calculated JSC oscillates with active layer thickness due to interference 
effects. From the optical model which Gilot et al.31 proposed, demonstrating the optical 
model for PSC device with ZnO optical spacer, the maximum JSC value of the PSC 
device with the optical spacer was shifted towards thinner active layer thicknesses 
(Figure 3.8). When the active layer was thicker than 80 nm, the optical spacer was 
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diminishing the light absorption in the active layer, resulting in a decrease in calculated 
JSC, and this effect is more pronounced when using a thicker optical spacer. 
Therefore, to maximise the JSC via use of an optical spacer, the active layer, PEI 
and PEDOT:PSS, also need to be further optimized.     
 
Figure 3.16 External quantum efficiency (EQE) spectra for PSCs with PEI electron interfacial layer. 
 
3.3.2.5 Diode current – voltage measurements of PEI layer  
Similar to the TiOx layer, to test the change in conductivity of the interfacial 
layers with increasing thickness, the interfacial layers were cast on a patterned ITO 
substrate. The measurable current between the ITO strips was too low with a large gap 
of ITO strip. Therefore, a 100 nm thick aluminium layer was deposited on top of the 
electron transport layer film.  
Figure 3.17 shows the J-V curve of the PEI layer of various thicknesses. The 
inverse of the slope of the J-V curve was converted to the resistance of the PEI film. 
The results in Figure 3.18 show that the resistance increased with increasing PEI layer 
thickness (The J-V curve of the PEI layer of various thicknesses is showed in the Figure 
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3.17). It is noted that the resistance of the PEI layer is higher than the TiOx at the same 
thickness, confirming the more insulating nature of the PEI layer. Also, the resistance is 
increasing non-linearly with increasing thickness. A non-linearly increasing resistance 
is possibly due to the large variation in PEI thickness, and also the conductivity of the 
PEI layer is based on a tunneling effect which is not expected to be linear. 
 
 
Figure 3.17 J-V characteristics of PEI layers deposited on patterned ITO from various concentrations of PEI solution 
as shown in Figure 3.12. 
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Figure 3.18 PEI film resistance vs film thickness. 
 
3.3.2.6 The role of PEI Interfacial layer in Improving the VOC 
Figure 3.13 shows that using a PEI interfacial layer (1.25 mg /mL, 13 nm thick) 
improved the VOC of PSC by 40 mV. This may have originated from the energy 
alignment of the cathode contact (lower 𝜑𝑝  in eq. 1) and/or hole blocking contact by 
PEI due to high energy barrier for hole injection which decreases surface 
recombination. Charge extraction measurement in Chapter 6 also showed longer charge 
carrier lifetime. Furthermore, the RS and RSH values calculated for the optimum PEI 
interfacial layer are very similar to that of no-electron interfacial- layer devices. 
Therefore, it is concluded that the main effect of the increased VOC was due to the better 
alignment of the contact work function. This could be both the PEDOT:PSS and the 
aluminium contact, if the solvent used for spin coating penetrated the active layer and 
influenced the PEDOT:PSS layer. 
 Use of 2-methoxyethanol as a solvent treatment, however, did not influence the 
VOC of the device, which suggests that this interface was not responsible for the 
improved Voc. Therefore, the photovoltage improvement following the insertion of PEI 
layer is attributed to the upward shift of the work function of PEI / aluminum contact as 
shown in Figure 3.19.  
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 Depositing too thick PEI (above 23.7 nm, Figure 3.14), due to the low 
conductivity, electron transport / extraction at the aluminium electrode was poorer, 
resulting in a s-shaped JV- curve and lower e FF, thus resulting in low PCE. 
The accumulation of charge at the additional barrier, during charge extraction at 
the active layer aluminium contact may be the reason for the s-curve in the JV-curve. 
The over estimation of the JSC which was measured in calibrated 100 mW cm-2 
white light condition, compared with the calculated JSC, in all measurements could be 
due to the highly conductive PEDOT:PSS which might assist in producing extra-charge 
generation or extraction from the larger active area of the transparent conductive 
electrode when  the JV-curve was acquired  in calibrated 100 mW cm-2 white light 
illumination.   
 
Figure 3.19 Role of PEI Interlayer in Improving VOC 
 
3.3.3 The combination of TiOx and polyethyleneimine (PEI) as electron 
interfacial layer 
The previous results suggested that: (i) using an electron selective contact can 
improve the VOC by 30 mV, and (ii) using a partial charge transfer from the amine-
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containing PEI moieties to change the electrode work function can improve the VOC by 
40 mV. 
The rationale of this section is that by combining a PEI interlayer with the TiOx, 
the work function can be brought closer to the LUMO of the PCBM which may 
improve the VOC of PSC further.  
3.3.3.1 UV-Vis absorption of TiOx-PEI  
Figure 3.20 shows the UV-Vis absorption spectra of the TiOx, PEI and TiOx-PEI 
film on quartz substrate. It seems that the UV-Vis absorption of TiOx-PEI layer shows a 
combination of TiOx and PEI film absorption, without any new features present.  The 
peak at 244 is characteristic of the TiOx absorption, while the increasing absorption 
feature towards 200 nm is characteristic of the PEI layer. Since the absorption of the 
TiOx is less after the PEI deposition, it is likely that some of the TiOx was washed away 
by the PEI during spin coating.  
 
Figure 3.20 UV-Vis absorption of TiOx –PEI layer deposited on quartz compared with TiOx and PEI layer. 
 
3.3.3.2 Device Performance of PSC using TiOx-PEI interfacial layer  
To investigate the effect of using a combination of TiOx and PEI layers on the 
performance of PSC, four different types of devices including the reference device (Al), 
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the devices using optimum TiOx thickness, the devices using optimum PEI thickness 
and the devices using TiOx-PEI are compared in Figure 3.21 and Table 3.5, averaged for 
at least 16 devices.  
Compared with the optimised TiOx and PEI layers, inserting the TiOx-PEI layer 
between the active layer and aluminium electrode enhanced the VOC and FF of PSC 
significantly (by 70 mV and 0.09 compared to the no-interfacial-layer devices), while 
the JSC remained similar at 11.1 mA cm-2, resulting in a higher average PCE of 6%.  
Figure 3.21 shows that the highest VOC (890 mV) and performance (6%) was 
achieved by using TiOx-PEI layer. Although, due to TiOx-PEI layer being fabricated 
from low concentrations of TiOx and PEI solution (10.7 mg/mL of TiOx and 1.25 
mg/mL of PEI), a standard deviation of the device parameter is also high compared with 
the TiOx and PEI.  
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Figure 3.21 Comparison of performance parameters of PSCs where the TiOx, PEI and TiOx-PEI layers were 
deposited on top of the polymer active layer. Where, the performance parameters are: (a) open circuit voltage, (b) 
short circuit current, (c) fill factor, efficiency, (d) power conversion efficiency, (e) series resistance, and (f) shunt 
resistance. 
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Table 3.5 – Average and standard deviation of the photovoltaic performance of PSC using TiOx, PEI and TiOx-PEI 
as electron interfacial layer. 
Note:  the number in the bracket is the standard deviation 
 
Figure 3.22 shows comparison of the J-V characteristics obtained for PSCs 
fabricated with various electron interfacial layer, including TiOx, PEI, TiOx-PEI and 
control device (no interfacial layer). The JV-curves were chosen to represent values 
closest to the average efficiency in Figure 3.21 and Table 3.5 The improvement in PSC 
efficiency using a combined TiOx-PEI layer is more significant than the improvements 
by the TiOx and PEI layers alone. 
 
Figure 3.22 J-V characteristics of PSCs using various electron interfacial layers measured under calibrated 100 mW 
cm-2 , AM 1.5 white light illumination. 
Electron contact 
electrode 
Estimated 
interfacial 
Thickness 
(nm) 
Average photovoltaic parameters Calculate 
JSC 
 ( mAcm-2) 
from EQE 
 
RSH 
Ωcm-2 
Rs 
Ωcm-2 
Number 
of the 
PSC 
devices 
Voc 
(mV) 
JSC  
(mA cm-2) 
FF PCE 
(%) 
Al 
- 820 
(20) 
11.5 
(0.7) 
0.53 
(0.04) 
5.0 
(0.50) 
10.57 520 
(200) 
16 
(2) 
16 
10.7 mg /mL 
TiOx
 
28.4 870 
(30) 
11.8 
(0.4) 
0.52 
(0.02) 
5.3 
(0.40) 
10.34 510 
(140) 
14 
(2) 
16 
1.25 mg/mL-PEI 
13.0 880 
(20) 
11.2 
(0.6) 
0.53 
(0.06) 
5.2 
(0.80) 
10.19 590 
(20) 
13 
(4) 
16 
TiOx-PEI/Al 
13.0-28.4 890 
(10) 
11.1 
(0.6) 
0.58 
(0.05) 
6.0 
(0.70) 
10.21 660 
(250) 
12 
(4) 
20 
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3.3.3.3 Series and parallel resistances of PSC using TiOx-PEI 
 While inserting TiOx, or PEI electron interfacial layers did not seem to change 
the RS (14 and 13 Ω cm-2) and RSH, inserting the TiOx-PEI electron contact layer led to a 
slightly lower RS of 12 Ω cm-2, while RSH was increased (660 Ω cm-2). These changes in 
slightly higher in FF (Table 3.5). The slightly lower RS of the TiOx-PEI device may be 
due to the pin-holes or pores within the TiOx film being filled during deposition of the 
PEI layer. Perhaps, the PEI filled layer aided the connectivity of TiOx film and the 
induced work function was shifted, thus resulting in a decrease in RS and also 
improvement in the FF and device efficiency.  
 
Figure 3.23 Comparison of dark J-Vcharacteristic of PSCs with various electron interfacial layers deposited on top 
of the polymer active layer: (i) Al as a control, (ii) TiOx),  (iii) PEI), and (iv) TiOx-PEI 
 
3.3.3.4 EQE of TiOx-PEI 
 Figure 3.24 shows the external quantum efficiency (EQE) spectra of PSCs 
devices using TiOx, PEI and TiOx-PEI as electron interfacial layers, and also PSC with 
no interfacial layer. The calculated JSC from the EQE is listed in Table 3.5 obtained 
from the integration of EQE spectra from 300 nm to 800 nm range. Similar to the TiOx 
and PEI layer, the calculated JSC is slightly (8 %) lower than obtained by  
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J-V measurements at 100 mW cm-2 white light illumination, which is attributed to a 
measurement error due to highly conductive PEDOT:PSS.30 
Using the TiOx-PEI interfacial layer led to a 20 nm red-shifted and lower EQE value by 
3% at 410 nm.  
Similar to the TiOx and PEI layer, the EQE measurements shows that inserting a 
TiOx-PEI layer leads to a decrease in the calculated JSC. The decrease in the JSC can be 
attributed to the active layer thickness used here being less than the wavelength of light.  
According to the optical model of the PSC using the optical spacer which Gilot 
et al reported,31 the thicker active layer (beyond 80 nm) was oscillating the light 
absorption of the active layer due to the interference of light. The JSC decrease may 
originate from the added extra layer to the photoactive layer’s thickness which is thinner 
than the visible photons wavelength, thus this thickness affected the optical electric field 
within the devices. Inserting a TiOx-PEI layer between the active layer and the 
aluminium contact may redistribute and degrade the quality of the optical cavity or 
influence light absorption strength in the photoactive layer by tuning the electro-optical 
field.  
Without detailed optical modeling, beyond the scope of this thesis, the possible 
contribution of decreasing photocurrent due to optical effects cannot be determined. 
For TiOx, the active layer of optimal thickness when using a TiOx layer was 60 
nm. Since the active layers used here are 80 to 90 nm, that is, 20-30 nm thicker, maybe 
the interference effect between the incident and reflected light was suppressed due to 
greater absorption of the incident light.13 
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.  
Figure 3.24 Comparison of EQE of PSCs with various electron interfacial layers deposited on top of the polymer 
active layer: (i) Al as a control, (ii) TiOx, (iii) PEI, and (iv) TiOx-PEI. 
 
3.3.5.5 Role of TiOx - PEI Interlayer in Improving the VOC 
Figure 3.25 shows that using a combined TiOx-PEI layer improves the VOC of 
PSC by 70 mV and the FF significantly. This increase may originate from two 
mechanisms:  (i) smaller value of 𝜑𝑝  in eq. 1, and / or (ii) hole blocking with the deep 
VB top edge position of TiOx, which decreases surface recombination. Therefore, a 
combination of these two mechanisms during the formation of the TiOx/PEI layer, and 
the spontaneous orientation of the amine group within the PEI layer lead to the 
formation of permanent dipoles at the TiOx/active layer interface pointing outwards 
from the TiOx surface. This dipole can reduce the work function of TiOx through a 
downward vacuum level shift.39,40 In addition, charge extraction measurements in 
Chapter 6 also show longer in charge carrier lifetime.  
 Deposition of PEI on top of the TiOx may reduce the contact resistance between 
the TiOx particles arising from the cracking of the TiOx film, which compensates for the 
lower charge transport and, therefore, the surface recombination will be reduced 
resulting in increased charge transport, FF and PCE. In addition, the RS of the TiOx-PEI 
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was reduced due to electron injection barrier being decreased after depositing the PEI 
layer; resulting in enhancement of VOC, FF and PCE.  
 
Figure 3.25 Role of TiOx-PEI Interfacial layer in Improving VOC. 
3.4 Conclusion 
All the solution processable EIL used in this chapter were able to be deposited 
by tuning the precursor concentration. The thicknesses of the EILs were able to be tuned 
by varying the concentration.   
The solvent used for the interfacial layer dilution was able to penetrate the active 
layer and influence the conductivity of the PEDOT:PSS. 
 The isopropanol treatment was able to increase the conductivity of the 
PEDOT:PSS without affecting the work function of the PEDOT:PSS; as suggested by 
the same device’s photovoltage, and the photocurrent increased. However, 2-
methoxyethanol treatment showed opposite results, as seen in the RS increase and lower 
FF compared with the PSC without solvent treatment.  
However, the extra photocurrent obtained from simulated white light 
illumination was attributed to charge collection from a device area outside of the 
geometric area defined by the overlap of the top metal and bottom ITO contact.   
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Inserting TiOx between an active layer and the aluminium contact affected the 
PSC device performance. The JSC of the devices were decreased by changing the optical 
cavity. The decrease of JSC was influenced by degradation of the light absorption 
strength in the photoactive layer when adding the optical spacer to a thick active layer.  
However, to maximise the JSC of the PSC when the optical spacer is employed, 
the thicknesses of the active layer, the PEDOT:PSS  and TiOx, need to be further 
optimised. 
The increase of 30 mV in the VOC obtained from the device using a TiOx layer 
may originate from the better energy alignment and /or the hole blocking at the 
aluminium side. 
The highest performance of 5.3% obtained was from the PSC fabricated with an 
optimum (10.7 mg cm-3) concentration of the TiOx layer.   The RS and RSH values for 
the PSC using both PEDOT:PSS and the TiOx interfacial layer are very similar to those 
of the PSC using only PEDOT:PSS. Therefore, it is concluded that the main effect of 
the increased VOC is due to the better alignment of the contact work function and /or the 
hole blocking when placing the TiOx layer at the aluminium side. 
For the PSC using a PEI layer as EIL contact, the JSC of the devices decreased, 
possibly because light absorption of the active layer was decreased when adding the 
optical spacer. However, the decrease of light absorption in the photoactive layer when 
placing the PEI layer between active layer and aluminium contact was influenced by the 
optical electric field distribution within the PSC device. Thus, to maximise the light 
absorption via an optical spacer, the active layer, HIL and EIL may need to be further 
optimised.  
The 40 mV increase in the VOC for the device using a PEI layer may also 
originate from both hole blocking and/or the better energy alignment between active 
layer and aluminium contact. 
The highest performance of the PSC when fabricated with 10.7 mg cm-3 TiOx 
and optimum concentration of PEI was 5.2 %.  Similar to the TiOx layer, the RS and RSH 
values for the PSC using both PEDOT:PSS and the PEI layer remain similar to those of 
the PSC using only PEDOT:PSS. Therefore, it is concluded that the main effect of the 
increased VOC is due to both hole blocking and/or the better energy alignment between 
active layer and aluminium contact. 
In the case of the PSC using a combination layer of TiOx and PEI layer as EIL 
contact, the JSC of the devices were decreased, likely due to both TiOx and PEI layer. 
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The possible reason may be because light absorption of the active layer was decreased 
after adding the TiOx-PEI as an optical spacer to a thick active layer. The decrease in 
light absorption in the photoactive layer when placing the TiOx-PEI layer between the 
active layer and aluminium contact influenced the optical electric field distribution 
within the PSC device. A decrease in light absorption has usually been observed when 
the active layer was thick (around 80-120 nm). 
 The 50 mV increase in the VOC for the device using a TiOx-PEI layer may also 
originate from both hole blocking and/or the better energy alignment between active 
layer and aluminium contact.  
The highest performance of the PSC when fabricated with a combination layer 
of TiOx and PEI layer as EIL was 6.7 %.  Similar to the TiOx layer and PEI layer, the RS 
and RSH values for the PSC using both PEDOT:PSS and the TiOx-PEI layer remain 
similar to those of the PSC using only PEDOT:PSS. Therefore, it is concluded that the 
main effect of the increased VOC is due to both hole blocking and/or the better energy 
alignment between active layer and aluminium contact. However, further optimisation 
of the layer thickness of the HIL, active layer, and EIL may enhance the JSC further.  
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CHAPTER 4 
HOMO-TANDEM POLYMER SOLAR CELLS 
WITH TiOx/PEDOT:PSS AND PEI/PEDOT:PSS 
INTERCONNECTING LAYERS 
4.1 Introduction  
The two main loss mechanisms in single junction solar cells are: (i) 
thermalisation losses of excess photo-excited electron energy above the semiconductor 
bandgap (Ephoton ≥ Eg); and (ii) losses due to solar photons that are not absorbed by the 
solar cell (Ephoton < Eg). As the band gap is increased, thermalisation losses are reduced, 
but the fraction of non-absorbed solar photons is increased.  
In organic solar cells, a wide band gap polymer (e.g., PCDTBT, 1.88 eV) can 
produce high VOC (0.78-1.04 V) 1-5,whereas, it shows a moderate current density (~ 9-11 
mA cm-2) due to high transmission losses. On the other hand, a small band gap polymer 
(e.g., PTB7, 1.56 eV) 6 can absorb more photons resulting in higher JSC (~ 14-17 mA 
cm-2) but lower VOC (0.6-0.7 V) and higher thermalisation losses.  
Thus, in principle, there is a trade-off between achieving either high VOC or JSC 
in a single junction solar cell. A multiple junction device configuration, on the other 
hand, can reduce thermalisation and transmission losses simultaneously.  
In a multiple junction solar cell, two or more photoactive layers (sub-cells), 
ideally with complementary absorption spectra, are stacked on top of each other using a 
series connection. According to Kirchhoff’s law, a series connection of sub-cells 
increases the photovoltage of the solar cell.7-11 The open circuit voltage (VOC) of a series 
connected tandem cell is the sum of the VOC of the individual sub-cells within the 
tandem, while the short circuit current density of the tandem cell equals the lowest short 
circuit current density of the sub-cells within the tandem.  
Currently, tandem polymer solar cells with a PCE of over 10 % have been 
achieved.12-14 There are two approaches based on the light absorption of the sub-cells in 
tandem PSC: 
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 (i) Hetero-tandem solar cells use a wide band gap material for the bottom cell 
coupled with a narrow band gap material for the top cell, ideally with a minimal overlap 
in the absorption spectrum.  
(ii) Homo-tandem solar cells use the same active material with the same band 
gap. The main purpose here is to increase the light absorption of the tandem cell. This 
approach is particularly useful when the film thickness of a single junction solar cell is 
limited by charge recombination / extraction losses, and to film thicknesses less than 
ideal for complete light absorption. By using two junctions, light absorption can be 
increased in principle with shorter charge collection paths in each of the sub-cells. For 
both of the above approaches, 10% device efficiencies have already been 
demonstrated.15-18  
Both of the above approaches can lead to increased light absorption, but only the 
hetero-tandem design using multiple bandgap material is able to reduce thermalisation 
losses. In general, increasing the active layer thickness should also increase light 
absorption, but further increases in the thickness of the active layer reduces PCE, 
mainly originating from charge recombination losses.19,20  
In the majority of PSCs, maximum efficiencies are typically obtained using 
active layers with less than 100 nm thicknesses, which are limited by charge extraction 
efficiency in thicker active layers.2,21-23 A series connected homo-tandem structure is not 
only capable of increased light absorption, but also enables higher VOC;  facilitating the 
water splitting reaction which requires at least 1.23 V.  
4.1.1 Interconnecting layer for tandem PSC 
The interconnecting layer (ICL) placed in between the sub-cells in a tandem 
solar cell is crucial to achieving high-performance. A typical tandem polymer solar cell 
structure is presented in Figure 4.1(a). 
Typically, ICLs comprise of a hole interfacial layer (HIL) and an electron 
interfacial layer (EIL) to enable efficient charge collection for each constituting sub-cell 
(front and rear sub-cell). There are two main fabrication approaches to prepare ICLs in 
the organic solar cell devices: (i) vacuum-deposition such as thermal evaporation24,25 
and (ii) solution processing such as spin-coating11,26 and doctor blading.27,28 
(i) The disadvantage of using vacuum evaporation is low throughput and 
incompatibility with the solution printing process to be used between the two sub-cell 
fabrications. The requirement of using high vacuum adds increased cost and processing 
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time.29 The advantage of thermal evaporation, on the other hand, is the better control of 
the thickness and the higher quality of the films compared to a printing process. 
(ii) The disadvantage of solution processing is the limited control of the 
thickness and film uniformity compared to thermal evaporation. The advantage of 
solution processing, however, is low cost and high throughput via scaling up to roll-to-
roll processing. 
 
4.1.1.1 The role of interconnecting layers and specific requirements for high 
performance 
In a tandem solar cell device, electrons and holes are generated both in the front 
and the rear sub-cells as illustrated in Figure 4.1. Electrons from one sub-cell have to 
selectively recombine with holes form the other sub-cell in order to achieve Fermi level 
alignment at the interconnecting layer and to avoid any voltage losses between the two 
junctions. This recombination process is illustrated schematically in a simplified band 
diagram in Figure 4.1(b).  
 
Figure 4.1 Simplified device architecture (a) and band diagram (b) of a tandem polymer solar cell. 
For solution processed tandem PSC, efficient ICLs have been realized to gain 
better charge extraction. Also, the ICL must ensure a low resistance electrical 
connection between the 1st and 2nd sub-cells. An efficient ICL will enable no or minimal 
potential losses due to the electrical connection between the sub-cells.30 To provide 
efficient charge collection / recombination layer between the two sub-cells, the ICL 
should be constructed to have the following functionalities:30,31 
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(i) The ICL should be able to selectively collect charge carriers from the 
respective active layers. For example, using a normal geometry (Fig 4.1(a)), ICL is 
generally constructed using EIL and HIL, respectively. The EIL serves as an efficient 
electron extraction layer from the 1st sub-cell and the HIL serves as an efficient hole 
extraction layer for the 2nd sub-cell.  Charge carriers will recombine at this EIL/HIL 
layer.  
(ii) The ICL should be mechanically robust to protect the underlying layers 
within the 1st sub-cell against possible damage during the deposition of the layers of the 
2nd sub-cell, especially in homo-tandem solar cells where dissolution of the 1st sub-cell 
during the deposition of the 2nd sub-cell can be a serious issue.  
(iii) The ICL should be highly transparent and highly conductive to minimize 
light absorption and electrical losses. 
(iv) Ideally, as explained above, the ICL should be fully solution processable, 
preferably at low temperature (<150 ○C) to avoid any changes to the morphology of the 
active layer at higher temperatures. Also, this solution processable ICL should be easily 
coated in thin, pinhole-free, uniform films on top of the active layer without damaging 
the active layer.  
(v)  The ICL should be stable and should not introduce any impurities or cause 
degradation to the active layer. 
4.1.1.2 Wettability and the active solution barrier of the ICL 
The most commonly used ICLs consist of poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT: PSS) as HIL and n- type 
metal oxide like ZnO32 or TiOx33 as EIL. Generally, PEDOT:PSS is commonly used  in 
the literature as it forms suitable quality films, has sufficient electrical conductivity, and 
high optical transparency. However, its processability has become the most important 
issue to fabricate a successful tandem PSC as detailed below.30  
One issue raised by Yang et. al.30 is that the PEDOT: PSS as HIL typically has a 
thickness of only several tens of nanometres to minimise light absorption and resistive 
losses. The metal oxide EILs on the top of PEDOT:PSS are typically not dense enough 
to protect the underlying layers of the front sub-cell during the solution deposition of 
the back cell.30 If the solvent penetrates through the ICL, it may dissolve and damage 
the first sub-cell, leading to electrical shorts and defects. Reduced VOC has been 
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typically observed in tandem PSC cells, indicating poor quality ICLs and possible 
damage to the front sub-cell.30,34  
As mentioned above, the challenge for fabricating polymer tandem solar cell is 
that most commonly used conjugated polymer donors and fullerene acceptors are 
soluble in high boiling point solvents such as chlorobenzene or dichlorobenzene.30 It is 
possible that the underneath layer can be dissolved. The film dissolution and lack of 
electrical connection between the two sub-cells due to poor quality ICL causes low 
device performance such as low VOC, FF and JSC. In addition, poor quality, 
discontinuous ICL may also introduce additional electron or hole traps, thus reducing 
the charge carrier density within the PSC device.  
For the above reasons, the interconnecting layer separating the active layers of 
the sub-cells has to be an effective solvent barrier. Otherwise, the processing of the 
second active layer will destroy the 1st active layer (bottom sub-cell) as presented in 
Figure 4.2. There are some reports suggesting that PEDOT:PSS  with TiOx10 or ZnO 11 
forms an effective solvent barrier when adding sodium polystyrene sulfonate (NaPSS) 
to PEDOT:PSS (PH 500) to tune the viscosity and wetting properties of the 
PEDOT:PSS ink prior to deposition.30 Sodium polystyrene sulfonate has amphipathic 
molecules constituting of the hydrophobic polystyrene (PS) chain and the hydrophilic 
sodium sulfonate groups, which can act as a surfactant (Figure 4.3(B)). However, 
adding NaPSS can also increase acidity and hygroscopicity of the PEDOT:PSS which 
may reduce the device stability.35,36   
 
 
Figure 4.2 Double-junction PSC with ICL with (A) sufficient robustness to protect against active layer dissolution 
during the processes, and (B) insufficient robustness. 
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Figure 4.3 Chemical structure of the surfactants that have been utilized for improving the surface wettability of 
PEDOT:PSS on the active layer: (A) triton-x 100  and (B) sodium polystyrene sulfonate  structure. 
 
In another example, Baek et. al.37 modified PEDOT:PSS by adding 1%w/V ratio 
of triton-x 100 (surfactant) into PEDOT:PSS and deposited on top of the active layer 
(P3HT:PCBM) which improved the surface wettability of the PEDOT:PSS on the active 
layer. The devices using modified-PEDOT:PSS achieved high efficiency, reaching 
4.3%. Thus adding the surfactant to PEDOT:PSS can aid the deposition of the 
hydrophilic PEDOT:PSS on the top of the hydrophobic active layer.  
In this thesis, the PEDOT:PSS (m-PEDOT:PSS) is modified using triton-x 100 
as the surfactant to help the PEDOT:PSS to form a uniform interconnecting layer in the 
homo-tandem PSC. 
4.1.2 Purpose of the chapter and methodology 
The aim of this chapter is to develop and further optimize two different 
interconnecting layers for homo-tandem polymer solar cells with increased open circuit 
voltage. The two ICLs developed in this chapter comprise of:  (i) TiOx (EIL) and 
PEDOT:PSS (HIL), (ii) PEI (EIL) and PEDOT:PSS (HIL). For simplicity, the device 
structure chosen for this study was the ‘normal geometry’ as ITO/PEDOT:PSS/1stactive 
layer/ICL/2nd active layer /TiOx/Al (Figure 4.1(a)). Both sub-cells were made from 
PCDTBT:PC[71]BM blend; the choice of polymer blend for all studies in this thesis. In 
addition, for comparison, single junction PSC using the normal geometry 
(ITO/PEDOT:PSS/active layer /TiOx/Al) were compared with tandem PSCs. The 
thickness of the EIL and HIL was varied for the two ICLs in homo-tandem PSC 
devices. The device performance was analysed using current-voltage curves under 
illumination and the dark.  The saturated current densities at reverse and forward bias in 
 
 115 
 
the dark as an indication of the series and parallel resistance were also compared. Also, 
due to the ICL deposition being significantly dependent on the interfacial contact 
property of the film/active layer, which contributes to surface energy, it was necessary 
to observe the wetting properties of the film. In this work, the surface energy of the film 
was studied by measurements of solution contact angles between a drop of PEDOT: 
PSS solution on quartz slide /active layer (PCDTBT: PC[71]BM), quartz slide/active 
layer/TiOx and quartz slide/active layer/PEI. The m-PEDOT: PSS solution (1% w/V of 
Triton-x in PEDOT: PSS) was also compared. The wettability was tested by checking 
the contact angle of the HIL and EIL on top of the active layer. 
 
 
Figure 4.4 Solution penetrations through the ICL test. 
 
Furthermore, to test the mechanical robustness of the ICLs, UV-Vis absorption 
spectroscopy was performed to detect possible damages to the first sub-cell active layer 
during the processing of the second sub-cell. To test for the presence of dissolution of 
the active layer due to solvent penetration through the ICL, the solvent (1,2- 
dichlorobenzene) used for dissolving the PCDTBT: PC[71]BM active layer was spin-
coated on top of the ICL at ((20 nm)TiOx/(80 nm)m-PEDOT:PSS) or  
(13 nm)PEI/(80 nm) m-PEDOT:PSS) ). It was noted that using pure solvent was more 
likely to lead to dissolution and more severe than using a highly concentrated PCDTBT: 
PC[71]BM or active layer solution in actual devices fabrication. In detail (see  
Figure 4.4), first the active layer (PCDTBT: PC[71]BM) was spin-coated on top of a 
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quartz slide, followed by the deposition of the ICL. Then 25 µL pure solvent was coated 
on top of the ICL at 1000 rpm for 2 minutes to dry the solvent.  Then the UV-absorption 
of the film was measured. 
Diodes based on the structure in Figure 4.5 were also fabricated to check the 
resistivity and the quality of contact between the EIL and HIL. These measurements are 
principally similar to those presented in Section 3.2.4.2 (Chapter 3), but in this chapter 
the ICL was used instead of EIL.  
 
Figure 4.5 A diode device structure for the ICL conductivity measurement 
 
In addition, the optical properties (light absorption) of the ICLs influencing the 
performance of tandem PSC were characterised by measuring the UV-absorption of the 
ICL films on quartz substrates. The ICL films were prepared using the same conditions 
as used in tandem solar cell devices.  
4.2 Experimental 
4.2.1 Materials 
4.2.1.1 Modified PEDOT:PSS (mod-PEDOT) preparation  
To directly coat the hydrophilic PEDOT:PSS onto the hydrophobic active layer, 
the PEDOT:PSS was modified by adding surfactant following a procedure adopted from 
the literature.38,39 10 µL triton-x 100 was dissolved in 990 µL iso-propanol, then added 
to 1000 µL PEDOT:PSS AL4083 followed by vigorous shaking for 30 minutes using an 
orbital shaker.  
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4.2.1.2 Preparation of the TiOx and PEI layer  
The TiOx interfacial layer was prepared by a sol-gel route as in Section 3.2 
(Chapter 3). Prior to deposition, the titanium oxide stock solution was diluted with 
isopropanol to afford concentrations of 15.0, 12.5, 10.7 mg/mL of titanium 
diisoporpoxide bis(acetonate), respectively. The deposition of TiOx was performed by 
spin coating at 5000 rpm for 40 s. 
 The PEI layer was prepared using the same method as in Chapter 3. 50 % w/v 
of PEI (MW 750,000, Sigma-Aldrich) was diluted with 2-methoxyethanol to get 5.0, 
2.5, and 1.25 mg/mL PEI. The above EIL solutions were deposited on top of the active 
layer by spin coating at 5000 rpm for 40 second. The thickness (shown in Table 4.1) 
was estimated from the optical absorption; as explained in Chapter 3. The ETL 
thickness was measured using UV-Vis absorption. The thickness of the ETL was tuned 
by changing the ETL precursor concentration while keeping the spin speed constant. 
4.2.2 Device Fabrication 
4.2.2.1 Single junction devices  
ITO substrate (Xin Yan Technology Limited) was cleaned by ultra-sonication in 
washing detergent, deionized water, acetone and isopropanol, for 15 minutes each step; 
followed by UV-Ozone treatment for 15 minutes. The photoactive layer, either on top of 
the hole contact interfacial layer, or on the top of ITO, was deposited by spin coating a 
solution of PCDTBT (7 mg/mL) and PC[71]BM (28 mg/mL) dissolved in 1,2-
dichlorobenzene (o-DCB) at 1100 rpm. A 120 nm thick aluminium layer was deposited 
directly on top of the active layer by thermal evaporation  at < 10-6 mbar. The PV 
devices were encapsulated using a UV epoxy resin in an argon-filled glove box. Current 
density–voltage (J–V) characteristics were measured under air mass 1.5G solar 
illumination (100 mW cm-2) by using a Keithley 2400 source measurement unit. 
4.2.2.2 Double junction devices 
The ITO substrate was cleaned following the same process as in Section 4.2.3.1, 
followed by treating with UV-Ozone for 15 minutes. The photoactive layer thickness 
was controlled by using the same spin speed as in Section 4.2.3.1 (1100 rpm).  To 
deposit the ICL, the interconnecting layers were fabricated by varying the thicknesses as 
listed in Table 4.1. The second active layer was deposited on top of the ICL then the 
10.3 mg/mL of the TiOx was deposited on top of the second active layer with spin speed 
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at 5000 rpm for 40 s. To finish, the device fabrication 120 nm thick aluminium layer 
was deposited directly on top of the sample by thermal evaporation at < 10-6 mbar then 
the homo-tandem were encapsulated by using a UV epoxy resin in an argon-filled glove 
box.  
To deposit the ICL on top of the first active layer the ICL thickness were varied 
by sequential deposition of EIL and HIL. For example, the ICL1 was composed of EIL 
(15.0 mg/mL) and HIL (20 nm of PEDOT:PSS). To fabricated the homo-tandem solar 
cell using the ICL1, therefore, a sequential deposition of the ICL begin with the 
deposition of 15.0 mg/mL of the TiOx at 5000 rpm for 40 s then follow by deposition of 
the m-PEDOT:PSS layer at 6000 rpm (20 nm) for 40 s (the film was dried in 40 s). The 
second active layer was deposited at 1100 rpm by using the same active solution as the 
first active solution following by depositing with the TiOx layer and aluminium 
electrode respectively.  
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Table 4.1 The interconnecting layer component 
 
EIL HIL 
 
TiOx concentration 
(mg/mL) 
PEI concentration 
(mg/mL) 
m-PEDOT:PSS  
spin coater spin speed (rpm) 
 10.7 12.5 15.0 1.25 2.5 5.0 6000 5000 4000 3000 
Estimated 
thickness 
21nm 28nm 35nm 13nm 23nm 32nm 20nm 40nm 60nm 80nm 
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4.2.3 Conductivity measurements in diode devices 
The relative conductivity of the interconnecting layers was evaluated by 
depositing TiOx or PEI on a structured ITO substrate followed by depositing 
PEDOT:PSS using the same concentrations as listed in Table 4.1. The EIL thickness in 
Table 1 was controlled by changing the concentration of solid content in the solution 
(see Chapter 3 for more details).  The HIL thicknesses were controlled by varying the 
spin speed of the spin coater to be 6000, 5000, 4000 and 3000 rpm, respectively.   The 
PEDOT:PSS thickness reported in Table 4.1 was obtained using a stylus profilometer 
(Veeco Dektak 150).  
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The diode device structure was adapted from Chapter 3 as shown in Fig. 4.7. As 
mentioned in Chapter 3, the current in this diode structure probably flows from the ITO 
to the aluminium contact through the ICL and from the aluminium contact back to the 
second ITO electrode strip passing through the ICL the second time.  
The slope of the measured J-V curve of the diode was used to compare the 
differences in resistance of the films at various interlayer thicknesses.  
The devices consisting of the interconnecting layers were encapsulated with 
epoxy and glass slide, similarly to the PSC devices. The voltage was applied between 
the two separated ITO strips, and the current was measured as schematically shown in 
Figure 4.5 by using a Keithley 2400 source measure unit. 
4.2.4 Mechanical robustness of the interconnecting layer (ICL) 
As mentioned above, the ICL should have sufficient mechanical robustness to 
protect the front sub-cell from dissolution during the deposition of the 2nd sub-cell. A 
pure 1,2-dicholorobenzene (ODCB) solvent was dropped on top of the ICL/active layer 
films and spin coated at 1100 rpm.  Then the optical absorption of the samples was 
measured. Due to the possibility that an active solution can be deposited or that it can 
dissolve the already deposited active layer during the spin coating process, and also 
using pure solvent is more severe than the active layer solution and has less 
complications than using an active layer solution, therefore a pure ODCB was chosen as 
an intimate active layer solution to test the mechanical robustness of the ICL. 
4.2.5 Contact angle measurement 
Both the EIL and HIL were deposited from polar solvents such as isopropanol, 
water or 2-methoxy ethanol. In general, water-based EIL or HIL solution does not wet 
well the active layer thus it is not easy to process using spin coating. Also, the substrate 
area here is small (2.0 × 1.5 cm2) which makes it difficult to deposit a smooth film on 
this small area by the doctor blading technique. Wettability of HIL using spin coating is 
critical for ICL and thus homo-tandem PSC fabrication. Furthermore, the PEDOT:PSS 
did not wet well on the active layer and EIL  (Figure 4.6 (A)). As seen in Figure 4.6, 
when PEDOT: PSS was coated on top of the active layer, PEDOT: PSS did not form a 
uniform film on the active layer.  
To investigate the wettability of PEDOT: PSS and m-PEDOT: PSS, the contact 
angle of the PEDOT: PSS and m-PEDOT: PSS solution on top of the active layer or 
active layer coated with TiOx or PEI was investigated. 
 
 121 
 
The contact angles were measured using a Goniometer (Data Physic OCA 20). A 
20 µL drop of PEDOT: PSS was dispensed onto the active layer coated glass substrate. 
To determine the contact angle of the HIL on the active layer surface, the photos of the 
HILs were recorded and the images were processed using the Data Physic OCA 20 
software.  
 
Figure 4.6 PEDOT:PSS film on PCDTBT:PC[71]BM film deposit with (A) active layer coated with PEDOT:PSS  and 
(B) the active layer without PEDOT:PSS 
 
4.3 Results 
4.3.1 Electron interfacial layer thickness 
From the UV-Vis absorption and the thickness data in chapter 3 measured using 
a profilometer, the TiOx absorption coefficient was calculated (8.6×104 cm-1). Using this 
value, the TiOx thickness was calculated from UV-Vis measurements as shown in Table 
4.1. These films were too thin to measure using a profilometer. 
Also, to estimate the absorption coefficient of the PEI interfacial layer film, a 
235 nm thick PEI film was prepared (the detail in chapter 3). The absorbance at 200 nm 
wavelength was 0.496. Therefore, the absorption coefficient was 1.86 ×104 cm-1. The 
thickness of the thinner PEI layers was calculated using this value and the measured 
UV-Vis absorption as listed in Table 4.1. 
4.3.2 Surface wettability of PEDOT:PSS and m-PEDOT:PSS on active layer  
While the PCDTBT:PC[71]BM active layer deposited from dichlorobenzene 
solution can easily wet the dry PEDOT:PSS surface (water removed by annealing and / 
or vacuum), the PEDOT:PSS solution (water as a solvent) does not wet well on to the 
hydrophobic active layer surface.   
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To investigate the surface wettability, the contact angle of the PEDOT:PSS 
solution on the active layer, with and without coating with TiOx and PEI was measured.  
Also, the surface wetting of the active layer by m-PEDOT:PSS, with or without coating 
with TiOx or PEI was investigated. Figure 4.7 shows the images of the droplets of 
PEDOT:PSS solutions on glass slides covered by PCDTBT:PC[71]BM (Figure 4.7(A)), 
PCDTBT:PC[71]BM/TiOx (Figure 4.7(C)), and PCDTBT:PC[71]BM /PEI film (Figure 
4.7 (E)), respectively. 
The m-PEDOT:PSS was also tested on glass substrate covered by 
PCDTBT:PC[71]BM (Figure 4.7(B)), PCDTBT:PC[71]BM/TiOx (Figure 4.7 (D)), and 
PCDTBT:PC[71]BM /PEI film (Figure 4.7(F)), respectively. The images show a 105° 
contact angle of the PEDOT: PSS on the top of the PCDTBT:PC[71]BM, indicating a 
poor wetting of the active layer surface by the PEDOT: PSS droplet. Changing the 
substrate to PCDTBT: PC[71]BM/TiOx, the contact angle of the PEDOT:PSS solution 
is less (~82°-89°), indicating increased wettability. Changing the substrate to PCDTBT: 
PC[71]BM/PEI, the contact angle of the PEDOT: PSS solution is even lower (~63°-
69°). These results reveal that generally the PEDOT: PSS solution does not spread 
easily on the PCDTBT: PC[71]BM/TiOx or PCDTBT: PC[71]BM/PEI films, which is a 
problem for the fabrication of tandem solar cells.  
Modification of PEDOT:PSS with triton-x 100 improved the surface wetting of 
the active layer as shown by reduced contact angles of the PEDOT:PSS on the active 
layer  (~47°). Furthermore, the triton-x 100 improved the surface wetting of PEDOT: 
PSS on PCDTBT: PC[71]BM/TiOx and PCDTBT: PC[71]BM /PEI (contact angles are 
~20° and ~26°, respectively), as seen in Figure 4.7 (B), (D) and (F). Therefore, 
modification of the PEDOT:PSS with triton-x 100 can enhance the surface wettability 
of the PCDTBT: PC[71]BM/TiOx or PCDTBT: PC[71]BM/PEI films making it a useful 
modification to prepare tandem solar cells. 
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Figure 4.7 Droplet images of PEDOT:PSS solution. Droplet images of PEDOT:PSS solution on 
PCDTBT:PC[71]BM (A), PCDTBT:PC[71]BM/TiOx (C), and PCDTBT:PC[71]BM/PEI (E). Also the m-PEDOT:PSS 
solution droplet on PCDTBT:PC[71]BM (B), PCDTBT:PC[71]BM/TiOx (D), and PCDTBT:PC[71]BM/PEI (F). 
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4.3.3 Homo-tandem polymer solar cell 
4.3.3.1 Homo-tandem polymer solar cells using TiOx/m-PEDOT:PSS as the 
interconnecting layer (ICL) 
4.3.3.1.1 Active solution barrier of the TiOx/m-PEDOT:PSS as interconnecting 
layer (ICL). 
The ICL should have sufficient mechanical robustness to protect the front sub-
cell from dissolution during the deposition of the 2nd sub-cell. The treatment with 1,2-
dichlorobenzene (ODCB) used here could be more severe than the typical second layer 
solution deposition because the pure solvent can dissolve larger amounts of PCDTBT or 
PC[71]BM than the highly concentrated second active layer solution.  
To do the test, 1,2-dichlorobenzene was put on top of the 
quartz/PCDTBT:PC[71]BM/ICL for 20 seconds, then the solution or solvent was 
removed by spinning the sample at 1000 rpm until the film dried. Treating with 1,2-
dicholorobenzene (ODCB) on top of ICL may lead to changes in the optical absorption 
of the underneath film (PCDTBT: PC[71]BM) due to either or both the PCDTBT and 
PC[71]BM being dissolved in ODCB. Thus, UV-Vis absorption measurements were 
chosen to observe the optical absorption change following the treatment with ODCB. 
Figure 4.8 presents the UV-Vis absorption of the samples prior and after treating 
with ODCB. The PCDTBT: PC[71]BM films show an absorption peak at 382 nm and a 
second peak at 470 nm with a broad absorption feature extended to 565 nm, typical for 
this active layer combination. Fig. 4.8 (A) shows that the absorption of the active layer 
film on quartz does change significantly following both the ODCB treatment. 
Furthermore, the 1st and 2nd peak positions were shifted to 400 and 580 nm, 
respectively. These tests confirm that without the ICL, the active layer can be dissolved 
during the spin coating. The changes in the spectral shape suggest (showing difference 
spectra) that it is predominantly PC[71]BM that is dissolved and removed from the film 
during solvent treatment (see the pristine PCDBT spectra in appendix D). Removing the 
acceptor from the blend would have very significant detrimental effect on solar cell 
performance due to hindered charge photogeneration. 
The absorption spectra of ODCB-treated PCDTBT: PC[71]BM + TiOx/m-
PEDOT:PSS film (Fig. 4.8 (B) showed no changes in the absorption spectrum.  
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Figure 4.8 UV-Vis absorption of PCDTBT:PC[71]BM as an active layer prior and after ODCB treatment: (A) Active 
layer only, and (B) Active layer coated with TiOx/m-PEDOT ICL as a solvent barrier. 
 
4.3.3.1.2 Optical absorption of the TiOx/m-PEDOT:PSS as ICL 
The optical property and electrical conductivity (by using ICL as a diode, see 
Section 4.3.2.4) of the TiOx/m-PEDOT:PSS layer was characterized by using UV-Vis 
absorption and electrical measurements. Figure 4.9 shows the absorption of the TiOx/m-
PEDOT:PSS films deposited on quartz slide  as well as a normalized absorption 
spectrum of PCDTBT:PC[71]BM for comparison. The ICL has  transmittance values 
between 83% and 90 % over the majority of the UV-Visible absorption range of the 
 
 
126  
 
PCDTBT:PC[71]BM. Increasing the TiOx thickness from 21 nm to 35 nm in TiOx/(80 
nm) m-PEDOT:PSS results in lower film transparency at the short wavelength range 
(350-450 nm) due to increase of the absorption onset from the TiOx  film. However, this 
should not significantly influence light harvesting in the tandem solar cell too much, as 
the overlap with the active layer absorption bands is quite small. 
 
Figure 4.9 Transmittance spectra of ICL of TiOx/m-PEDOT:PSS and absorption spectrum of PCDTBT:PC[71]BM. 
 
4.3.3.1.3 Device performance of homo-tandem PSC using TiOx/ m-PEDOT:PSS 
as the interconnecting layer.  
To investigate the effect of increasing the thickness of both the electron and hole 
interfacial layers, the thickness of both TiOx and modified PEDOT:PSS layers were 
varied, and the PV performance evaluated and compared to single junction devices. 
Table 4.2 summarizes the PV performance (VOC, JSC, FF, PCE, RSH, and RS) of PSCs. 
The device parameters were averaged based on data of sixteen devices for single 
junction PSC and at least three devices for homo-tandem PSC. 
Figure 4.10 (A) presents the J-V characteristics measured under a calibrated 100 
mW cm-2 white light of single junction PSC and the homo-tandem PSC devices 
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obtained for PSCs fabricated with 35 nm thick TiOx and various thicknesses of the 
modified PEDOT:PSS. The average open circuit voltage (VOC) of the single junction 
PSC is 870 mV, the JSC is 11.8 mA cm-2, the FF is 0.52 and the PCE is 5.3%. The 
devices using 35 nm TiOx layer and m-PEDOT: PSS generally show small changes in 
VOC, and lower  JSC and FF. Using 35nm and 20 nm m-PEDOT: PSS shows an average 
open circuit voltage (VOC) of 850 mV, short circuit current of 1.72 mA cm-2, FF of 0.22, 
and PCE of 0.32%. Increasing the PEDOT: PSS thickness to 40 nm, the devices show 
improved VOC by 130 mV, with slightly higher average JSC ( by 1 mA cm-2) and similar 
FF (0.22), resulting in almost doubled PCE (0.62%). Increasing the PEDOT: PSS 
thickness to 60 nm, the devices show slightly higher VOC by 40 mV, with lower average 
JSC (2.36 mA cm-2) and similar FF (0.22), resulting in PCE (0.62%). Increasing the 
modified-PEDOT: PSS thickness to 80 nm, the VOC of the device is unchanged, while 
the JSC is lower (1.21 mA cm-2). 
Importantly, the VOC of homo-tandem devices is improved by 12% when using 
ICL (35 nm) TiOx/(40 nm)m-PEDOT:PSS compared to the single junction devices. 
However, the VOC is still lower than expected from the series connection of two single 
junction PSC (1740 mV), possibly attributed to the non-ohmic contact between TiOx 
and the m-PEDOT:PSS layer.34 The J-V curve shows an s-curve, also manifested in FF 
less than 0.25, which could be due to a double diode behaviour and a charge extraction 
barrier at the ICL.40-42 The JSC in homo-tandem PSC using (35 nm)TiOx/(40 nm)m-
PEDOT:PSS is only 23% of the single junction PSC. This could be due to the strong 
light absorption by the front cell which limits charge photogeneration in the rear active 
layer leading to low JSC. Since the lowest photo-current (2nd sub-cell) limits the tandem 
solar cell output according to Kirchhoff’s law, the JSC of the tandem cell is lower. The 
results presented are qualitatively similar to the reports in the literature for tandem PSC 
using the same active layers.16,43,44 Figure 4.10 (B) presents the J-V plot in semi-log 
scale in the dark for single junction PSCs and homo-tandem device measured using (35 
nm) TiOx and various thicknesses of m-PEDOT:PSS. For single junction PSCs, the 
shunt and series resistances (RSH and RS) were 510 and 14 Ω cm-2, respectively. The 
calculated RSH and RS for homo-tandem PSC using (35nm)TiOx/(20 nm)m-PEDOT:PSS 
were 450 and 620 Ω cm-2, respectively, while the RS and RSH of homo-tandem PSC with 
(35 nm)TiOx/(40 nm) ICL were 280 and 290 Ω cm-2. For the (35 nm)TiOx/(80 nm) ICL 
device, the RS and RSH were 460 and 300 Ω cm-2, respectively. Generally, homo-tandem 
PSC showed significantly increased RS compared to single junction PSC due to the non-
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ohmic nature of the TiOx/m-PEDOT:PSS34 and the relatively high resistance of the ICL 
as it will be shown in Section 4.3.1.4 below. For the homo-tandem PSC with (35 nm) 
TiOx/m-PEDOT:PSS devices, they usually have lower average RSH which possibly 
originates from the loss of charge carriers at the highly resistive ICL compared with the 
single junction PSC which have no such layers. 
 
Figure 4.10 J-V characteristics of homo-tandem PSCs using (35 nm)TiOx/m-PEDOT as ICL: (A) measured under 
calibrated 100 mW cm-2 , AM 1.5 white light illumination, and (B) measured under dark. 
 
Figure 4.11 compares the J-V characteristics obtained for homo-tandem PSCs 
fabricated using a thinner (28 nm) TiOx and m-PEDOT:PSS as an ICL. Fig. 4.11 (A) 
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was measured under calibrated 100 mW cm-2 white light illumination and (B) was 
measured in the dark. Generally, homo-tandem PSCs with a thinner ICL (TiOx (28 nm) 
/ m-PEDOT: PSS show an improved VOC (by 180 mV to 380 mV) compared with single 
junction PSC (870 mV). The use of 28 nm TiOx together with 20 nm m-PEDOT: PSS in 
homo-tandem PSC results in an average VOC of 1050 mV and short circuit current of 
3.80 mA cm-2.  The FF is slightly increased to 0.29 resulting in an increased PCE of 
1.20%.  Incorporating a 28 nm thick TiOx and 40 nm PEDOT: PSS layer shows further 
increased VOC to 1240 mV, while JSC remain similar (3.82 mA cm2). The FF and PCE 
further improved to 0.34 and 1.60% respectively, which is the best performance of 
homo-tandem PSC using TiOx and m-PEDOT as an ICL in this thesis. The more 
significant improvement in the VOC compared with using thicker (35 nm) TiOx/m-
PEDOT:PSS is attributed to the higher conductivity of thinner TiOx. However, an s-
shaped J-V curve is still present. This improved VOC may be suitable for water splitting; 
however, the low FF limits the output voltage at the maximum power point. This may 
be due to the presence of a charge carrier extraction barrier at the ICL.40,41,45 The 
appearance of a charge carrier extraction barrier leads to high RS (low current density at 
+1.5V) as seen in the dark J-V in Figure 4.11 (B). Moreover, the JSC remains lower 
compared to the single junction (about 32%), possibly due to the competitive absorption 
by the first and second active layers in the homo-tandem solar cell43,46,47 as well as the 
increased series resistance by the ICL.   
Increasing the m-PEDOT: PSS layer thickness from 40 nm to 80 nm, the VOC 
drops to 1110 mV, and the JSC, FF, and PCE are also decreased. The decreased VOC is 
possibly due to charge carrier losses with highly resistive ICL (when using a thicker m-
PEDOT:PSS). Furthermore, lowering the JSC and FF is mainly due the combination of 
optical absorption losses due to strong light absorption by the 1st active layer which 
limited the charge carrier generation in the 2nd sub-cell and resistive losses in the ICL. 
Figure 4.11 (B) presents the semi-log plot of J-V characteristic of single junction 
PSC and homo-tandem device fabricated using (28 nm) TiOx and various thicknesses of 
m-PEDOT:PSS measured in the dark. For single junction PSC, the shunt and series 
resistances (RSH and RS) are 510 and 14 Ω cm-2, as above. The homo-tandem PSC using 
(28nm)TiOx/(20 nm)m-PEDOT:PSS as an ICL showed 13 to 18 times higher series 
resistances and the shunt resistances were slightly lower (by 15-30 %). The increase in 
the series resistance may be attributed to the non-ohmic contact at the TiOx/m-
PEDOT:PSS (as seen in the diode device in Section 4.3.1.4). In addition, for the PSC 
 
 
130  
 
device using 28 nm TiOx  the current density at +1.5V is slightly higher than compared 
with the ICL using thicker TiOx (32 nm), corresponding to the lower RS (approximate 2 
-3 times). 
 
Figure 4.11 J-V characteristics of homo-tandem PSCs using (28 nm) TiOx/m-PEDOT as ICL: (A) measured under 
calibrated 100 mW cm-2 , AM 1.5 white light illumination, and (B) measured in the dark. 
Figure 4.12 (A) shows the J-V characteristics of homo-tandem PSCs fabricated 
using 21 nm thick TiOx layer with different thicknesses of m-PEDOT:PSS, measured 
under 100 mW cm-2 calibrated white light. The J-V curve of a single junction PSC is 
also shown. Reducing the TiOx thickness further to 21 nm led to decreased VOC, while 
keeping a moderately high JSC, FF, and PCE.  Utilizing a 21 nm TiOx layer with a 20 
nm PEDOT: PSS layer led to an average VOC of 840 mV. The short circuit current was 
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9.02 mA cm-2, the FF was 0.43, and the PCE was 3.32%. Increasing the PEDOT:PSS 
thickness to 40 and further to 60 nm resulted in decreasing the average JSC to 7.17 and 
4.41 mA cm-2, respectively. The PCE decreased to 2.81 % and 1.70 %, respectively. 
The J-V curve in the dark using 21 nm TiOx/m-PEDOT:PSS showed that the Rs 
(+1.5V) increased as m-PEDOT:PSS thickness was increased. The RS for the homo-
tandem device using 21 nm TiOx and  m-PEDOT:PSS (20 to 60 nm) showed 
comparably low RS to single junction PSC. The lower RS (20-40 Ω cm-2 ) may be due to 
an electrical connection (short) between first and second sub-cell through the pinholes 
in the ICL, which resulted in lower VOC similar to single junction devices. 30  
 
Figure 4.12 J-V characteristics of homo-tandem PSCs using (21 nm)TiOx/m-PEDOT as ICL:  (A) measured under 
calibrated 100 mW cm-2 , AM 1.5 white light illumination, and (B) measured under dark. 
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Table 4.2– Average photovoltaic performance of homo-tandem PSC using TiOx/m-PEDOT: PSS as an 
interconnecting layer. 
         Note:    the number in the bracket is the standard deviation. 
 
Furthermore, the s-kink in the J-V curve disappeared when using 21nm thick 
TiOx because the ICL layer may not be thick enough to separate the two sub-cells. Also, 
the JSC increased to 9.02 mA cm2 when using the (21nm) TiOx/(20 nm) m-PEDOT:PSS, 
but still lower than the single junction PSC. This may be due to the ICL not separating 
the two sub-cells, thus the homo-tandem PSC behaved more like a single junction PSC 
with increased concentration of charge traps and additional optical losses leading to 
losses in JSC . In addition, there was observed an increasing of the VOC in the dark J-V. 
The reason could be due to the error from the measurement which was not entirely dark 
during the measurement thus a small charge carrier within the device can generate some 
photovoltage.    
Solar cell 
type 
ICL composition Average photovoltaic parameters 
RSH 
Ωcm-2 
RS 
Ωcm-
2 
Number 
of 
devices 
Electron 
contact 
electrode 
Hole 
contact 
layer VOC 
(mV) 
JSC  
(mA 
cm-2) 
FF PCE 
(%) 
Single 
Junction  
no no 870 
(30) 
11.8 
(0.4)  
0.52 
(0.02) 
5.3 
(0.40) 
510 
(140) 
14 
(2) 
16 
 
 
 
 
 
Tandem 
35 nm  
TiOx 
20 nm 
m-PEDOT 
860 
(20) 
2.07 
(0.14 
) 
0.24 
(0.02) 
0.41 
(0.13) 
320 
(60) 
380 
(50) 
3 
40 nm   
m-PEDOT 
980 
(40) 
2.75 
(0.37) 
0.23 
(0.03) 
0.62 
(0.15) 
290 
(15) 
380 
(200) 
4 
60 nm  
m-PEDOT 
910 
(40) 
2.36 
(0.43) 
0.22 
(0.02) 
0.48 
(0.48 
300 
(30) 
450 
(190) 
4 
80 nm 
 m-PEDOT 
860 
(10) 
1.21 
(0.42) 
0.19 
(0.01) 
0.20 
(0.07) 
300 
(30) 
460 
(130) 
4 
 
 
 
 
 
Tandem 
28 nm 
TiOx 
20 nm 
m-PEDOT 
1050 
(250) 
3.80 
(0.23) 
0.29 
(0.05) 
1.20 
(0.42) 
360 
(150) 
250 
(160) 
4 
40 nm 
PEDOT 
1240 
(80) 
3.82 
(0.25) 
0.34 
(0.01) 
1.60 
(0.11) 
357 
(150) 
250 
(160) 
4 
60 nm  
m-PEDOT 
1250 
(70) 
3.55 
(0.10) 
0.36 
(0.02) 
1.59 
(0.16) 
430 
(70) 
180 
(20) 
4 
80 nm  
m-PEDOT 
1110 
(170) 
3.40 
(0.26) 
0.30 
(0.02) 
1.59 
(0.16) 
440 
(160) 
210 
(40) 
4 
 
 
Tandem 
 
21 nm 
TiOx 
20 nm 
m-PEDOT 
840 
(20) 
9.02 
(0.36) 
0.43 
(0.7 
3.32 
(0.11) 
390 
(20) 
30 
(4) 
8 
40 nm  
 m-PEDOT 
870 
(10) 
7.17 
(0.12) 
0.45 
(0.02) 
2.81 
(0.35) 
440 
(1200) 
20 
(2) 
8 
60 nm  
m-PEDOT 
880 
(0) 
5.87 
(0.21) 
0.51 
(0.01) 
2.64 
(0.11) 
960 
(100) 
40(4) 4 
 
80 nm  
m-PEDOT 
880 
(20) 
4.41 
(0.94) 
0.30 
(0.01) 
1.52 
(0.78) 
570 
(110) 
50 
(50) 
4 
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4.3.3.1.4 Diode characteristic of the homo-tandem PSC which uses TiOx/m-
PEDOT:PSS as an interconnecting layer 
 
 Figure 4.13 The J-V curve of the ICL layer which has been constructed with various thicknesses of m-PEDOT:PSS 
layer. Where the ICL are made from various thicknesses of PEDOT:PSS on: (A) 35nm TiOx layer, (B) 28 nm TiOx 
and (C) 21 nm TiOx. 
 
The conductivity of the ICL may affect the homo-tandem solar cell device 
characteristic by increasing the series resistance Rs. Thus, a diode using TiOx/m-
PEDOT: PSS, similar to the procedure in Section 3.3.1 (Chapter 3), was fabricated.  
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Figure 4.13 shows the J-V curve of the ICL layer, constructed of various thicknesses of 
m-PEDOT: PSS layer and TiOx:  (A) 35nm TiOx layer, (B) 28 nm TiOx and (C) 21 nm 
TiOx.  
The J-V curve in  Figure 4.13 (A) shows diode like behaviour (non-ohmic 
behaviour). Unexpectedly, the slopes of current versus voltage curves for the diodes do 
not change systematically with changing PEDOT: PSS thickness. This could be due to 
pin-holes present in the ICL controlling the current density.  For example, reducing the 
TiOx thickness from 35 nm to 28 nm ( Figure 4.13 (B)), the slope of the J-V curve 
decreased (not increased as it would be expected for thinner films). Reducing the TiOx 
thickness further to 21 nm resulted in increased slope. The current density was much 
higher than using a 20 nm of TiOx layer when using 40 nm PEDOT:PSS. It is noticed 
that the current density of the 21nm TiOx and 40 nm m-PEDOT:PSS is high as the ITO. 
Due to the TiOx and PEDOT:PSS being dispersed in polar solvents (iso-propanol and 
water), thus it is possible that TiOx layer has been dissolved or leached during the 
deposition of m-PEDOT:PSS. However, the diode-like characteristic of ICL layer 
suggests that the TiOx and m-PEDOT: PSS layer forms a non-ohmic contact which may 
be the origin of photovoltage loss at the TiOx: PEDOT: PSS interfaces.  
 
4.3.3.2 Homo-tandem PSC using PEI/m-PEDOT:PSS as an ICL 
4.3.3.2.1 Optical absorption of the PEI/m-PEDOT:PSS as ICL 
The optical properties of the PEI/m-PEDOT: PSS layer was characterized by 
using UV-Vis  absorption. Figure 4.14 shows light absorption of the PEI/m-PEDOT: 
PSS films deposited on a quartz slide. The light absorption of a PCDTBT:PC[71]BM 
film on quartz slide is also shown for comparison. On increasing the PEI/m-PEDOT: 
PSS thickness, the transparency of the ICL film slightly decreased. As seen from  
Figure 4.14, the ICL film has high transparency at the absorption range of the active 
layer, which should only have limited effect on light absorption by the active material. 
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Figure 4.14 Transmittance spectra of PEI/m-PEDOT:PSS layer on quartz slide, and absorption spectrum of 
PCDTBT:PC[71]BM. 
 
4.3.3.2.2 Solution barrier of the PEI/m-PEDOT:PSS as interconnecting layer. 
Similar to the TiOx/m-PEDOT:PSS, the PEI/m-PEDOT:PSS should have 
sufficient mechanical robustness to prevent the 2nd active solution from penetrating 
through the ICL and damaging the underneath sub-cell.  
To test the solution barrier properties of the ICL made using PEI/m-PEDOT:PSS 
layer, two different treatments by 1,2-dichlorobenzene (ODCB) and PC[71]BM 
solutions were used. Figure 4.15 presents the UV-Vis absorption of the 
quartz/PCDTBT:PC[71]BM/ICL prior and after treating with ODCB.  
As Figure 4.15(A) shows, treating the active layer with 1,2-dicholorobenzene 
(ODCB) resulted in changes in the optical absorption of the active layer as already 
noted above (Section 4.3.1.1). The absorption spectra of the active layer after ODCB 
treatment had changed; evidenced by the lowering of the absorbance of the first peak 
0.061 and second peak 0.064 of the active layer. 
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Figure 4.15 UV-vis absorption of PCDTBT:PC[71]BM as an active layer prior and after ODCB treatment:  (A) 
Active layer only, and (B) Active layer coated with PEI-m-PEDOT. 
 
The absorption spectrum of the active layer films prepared with a PEI/m-
PEDOT:PSS ICL (Figure 4.15 (B)) shows absorption peaks at 382 nm and at 470 nm 
and a broad absorption feature up to 565 nm. Following the treatment of the active 
layer/ICL with ODCB or the PC[71]BM solution, no change in absorption spectra was 
observed. Therefore, the ICL has sufficient mechanical robustness to protect the 1st 
active layer from the 2nd active solution deposition. 
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4.3.3.2.3 Device performance of homo-tandem PSC which uses PEI/ m-PEDOT: 
PSS. 
The aim of this section is to investigate the effect of thickness of both PEI and 
m-PEDOT on the performance of homo-tandem PSC. The thicknesses of the PEI and 
modified PEDOT: PSS layers were varied and the performance of the homo-tandem 
PSC devices was compared. The photovoltaic performance (VOC, JSC, FF, PCE, RSH, and 
RS of PSC) are listed in Table 4.3. 
Figure 4.16 shows the J-V characteristics of homo-tandem PSCs using  
PEI/m-PEDOT:PSS as ICL measured under calibrated 100 mW cm-2 white light 
illumination (A). Figure 4.16 (A) compares the J-V characteristics obtained for PSCs 
fabricated with various thicknesses of m-PEDOT:PSS  prepared with 32 nm of PEI as 
an ICL. The JV-curves shown were chosen to match the closest to the average 
efficiency in Table 4.3. Figure 4.16 (B) shows the semi-log plot of the J-V curves 
measured in the dark. At forward bias (+1.5 V), the slope of the current versus voltage 
is related to the series resistance (RS).  At reverse bias (-1.5 V), the slope of the current 
versus voltage is related to the shunt resistance RSH and leakage current.  
The combination of 32 nm PEI layer with 20 nm PEDOT: PSS showed average 
open circuit voltage (VOC) of 1220 mV. The short circuit current was 4.6 mA cm-2, the 
FF was 0.38, and the PCE was 2.33 %. The J-V characteristic in the dark showed that 
the current density at +1.5V was 1.36 mA cm-2. The shunt and series resistances (RSH 
and RS) were 900 and 260 Ω cm-2, respectively.  Keeping the thickness of PEI the same 
and increasing the PEDOT:PSS thickness further (40 nm), the PSC device showed 
improved VOC by 270 mV, with slightly higher average JSC ( 0.2 mA cm-2) and a FF of 
0.31, resulting in slightly higher averaged PCE (2.10%.) The current density at +1.5V 
showed a significant drop to 0.09 mA cm-2. The RS and RSH of the homo-tandem device 
decreased to 220 and 800 Ω cm-2, respectively. Increasing the PEDOT:PSS thickness 
further to 60 nm, the VOC of the device improved to 1570 mV. The JSC was 4.6 mA cm-2 
and the RS and RSH values were 320 and 1320 Ω cm-2, respectively. The higher RS and 
RSH values were possibly due to the lower conductivity of the PEDOT: PSS layer as the 
thickness increased. By increasing the PEDOT: PSS thickness to 80 nm, the VOC 
slightly decreased to 1430 mV. The JSC was lower (4.3 mA cm-2). The RS and RSH were 
380 and 940 Ω cm-2, respectively. Similar to above, the higher RS and RSH are possibly 
due to the lower conductivity of the PEDOT: PSS layer as the thickness increased.  
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Figure 4.16 J-V characteristics of homo-tandem PSCs using (32 nm)PEI/m-PEDOT as ICL: (A) measured under 
calibrated 100 mW cm-2 , AM 1.5 white light illumination, and (B) measured in the dark. 
 
Figure 4.17 (A) compares the J-V characteristics obtained from PSCs fabricated 
with 24 nm PEI combined with various thicknesses of m-PEDOT: PSS as an ICL. The 
tandem PSC with 20 nm PEI and 20 nm of m-PEDOT: PSS as ICL showed a VOC of 940 
mV and a FF 0.42. The JSC was 4.9 mA cm-2, resulting in a low PCE of 1.9 %. The 
tandem PSC with 20 nm PEI incorporated with 40 nm of m-PEDOT: PSS as ICL 
showed a VOC of 940 mV and a FF 0.39. The JSC was 5.6 mA cm-2, resulting in a low 
PCE of 2.05%. 
Increasing the PEDOT: PSS thickness to 60 nm led to increased VOC (to 1280 
mV) and FF (0.40) and slightly higher JSC (5.1 mA cm-2), resulting in higher PCE 
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(2.22%). Increasing the thickness of the m-PEDOT: PSS layer to 80 nm resulted in 
similar photovoltaic properties to 24 nm PEI combined with 60 nm m-PEDOT: PSS.  
Figure 4.17(B) shows the J-V curve of the same devices measured in the dark. 
Combining 24 nm PEI with 20 nm PEDOT: PSS resulted in the lowest series resistance 
and highest current density at +1.5V (11.1mA cm-2). For PSC using 40 nm 
PEDOT:PSS, the current density at +1.5V dropped, as similar to higher RS (70 Ω cm-2). 
Using 60 nm PEDOT: PSS, the current density decreased, corresponding to higher RS 
(280 Ω cm-2). The VOC of devices incorporating 24 nm PEI and 60 or 80 nm PEDOT: 
PSS layers showed higher values (1200 mV) due to formation of a quasi-ohmic contact 
at the PEI and m-PEDOT:PSS interface. However, it is still lower compared with using 
32nm PEI combined with 60 nm m-PEDOT: PSS, which may be due to pinholes in the 
interconnecting layer. The presence of pinholes may result in the lack of proper 
alignment of the work function of EIL and HIL at the ICL. Another possibility is that 
the EIL and HIL did not form an ohmic contact resulting in VOC loss at the ICL 
interface. 
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Figure 4.17 J-Vcharacteristics of homo-tandem PSCs using (24 nm)TiOx/m-PEDOT as ICL measured: (A) under 
calibrated 100 mW cm-2 , AM 1.5 white light illumination, and (B) in the dark. 
 
Figure 4.18 compares the J-V characteristics obtained from single junction PSC 
and homo-tandem PSCs fabricated from (13 nm) PEI combined with various thicknesses 
of m-PEDOT:PSS as an ICL. Figure 4.18 (A) was measured under calibrated 100 mW 
cm-2 white light illumination and (B) was measured in the dark. The average open 
circuit voltage (VOC) of single junction PSC was 870 mV, the JSC was 11.8 mA cm-2, the 
FF was 0.52 and the PCE was 5.3%, as above. The homo-tandem PSC devices using 13 
nm PEI layer combined with m-PEDOT: PSS generally showed similar VOC with lower 
JSC and FF. Using 13 nm PEI layer combined with 20 nm m-PEDOT: PSS showed an 
average VOC of 870 mV, JSC of 5.5 mA cm-2, FF of 0.40, and the PCE of 1.90 %. 
 
 141 
 
Increasing the PEDOT: PSS thickness to 40 nm, the device showed 880 mV VOC. The 
average JSC was 5.1 mA cm-2 and the FF was 0.39, resulting in an average PCE of 
1.67%. Increasing the PEDOT: PSS thickness to 60 nm, the VOC of the homo-tandem 
PSC increased to 930 mV, with 4.6 mA cm-2 JSC, 0.39 FF and 1.67% PCE. Increasing 
the PEDOT: PSS thickness to 80 nm, the VOC increased to 980 mV, with 4.3 mA cm-2 
JSC and 1.57% PCE.  
Decreasing the PEI thickness to 13 nm combined with 80 nm m-PEDOT: PSS 
resulted in 11% higher VOC compared to a single junction PSC. The much lower 
improvement of the VOC compared with thicker PEI layers could be due to the thinner 
ICL  layer being unable to protect the first active layer during deposition of the second 
sub-cell. Furthermore, the current density decreased as the PEDOT: PSS thickness was 
increased, which may be due to higher resistance. 
The J-V curves in the dark measured for homo-tandem PSC using 13 nm PEI/m-
PEDOT: PSS showed that the Rs (+1.5V) increased as the m-PEDOT: PSS thickness 
was increased. The RS for the tandem device using 13 nm PEI layer and m-PEDOT: 
PSS showed around 5 to 7 times higher Rs compared to single layer devices, the RS 
increasing as the thickness of PEDOT: PSS increased. 
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Figure 4.18 J-V characteristics of homo-tandem PSCs using (12 nm) PEI/m-PEDOT as ICL, where: (a) is J-V curve 
obtained from homo-tandem PSC under calibrated 100 mW cm-2 white light illumination, and (b) obtained from 
homo-tandem PSC in the dark. 
 
 
 
 
 
 
 
 
 143 
 
Table 4.3– Average photovoltaic performance of homo-tandem PSC using PEI/modified-PEDOT:PSS as ICL. 
Note:    the number in the bracket is the standard deviation. 
 
4.3.3.2.4 Diode characteristics of the homo-tandem PSC using PEI/m-PEDOT: 
PSS as an ICL. 
The J-V curve in Figure 4.19, (A) shows a diode like behavior (non-ohmic 
behavior).  The slope of current versus voltage did not change systematically with 
increasing PEDOT: PSS thickness. The slope of the J-V curve represents the resistance 
values. For example, higher slope suggests lower resistance of the ICL film.  The lack 
of systematic change of the slope as the thickness is varied is possibly due to the error in 
both PEI and m-PEDOT: PSS layer thicknesses or pin-holes present in the PEI and m-
PEDOT:PSS interface. The diode device using (32nm) PEI/m-PEDOT: PSS shows the 
smallest slope among the three different thicknesses of the PEI used.  
Reducing the PEI thickness to 24 nm (Figure 4.19 (B)) led to lowering of the 
slope in the J-V curve for the diode device with the diode-like characteristic. Reducing 
the PEI thickness further resulted in increasing the slope.  The diode characteristic of 
Solar cell 
type 
ICL composition Average photovoltaic parameters 
RSH 
Ωcm-2 
RS 
Ωcm-2 
Numb
er of 
device
s 
Electron 
interfacial 
layer 
Hole 
interfacial 
layer 
VOC 
(mV) 
JSC  
(mA 
cm-2) 
FF PCE 
(%) 
Single 
junction 
No no 870 
(30) 
11.8 
(0.4) 
0.52 
(0.02) 
5.3 
(0.40) 
510 
(140) 
14 
(2) 
16 
 
32 nm PEI 
20 nm 
m-PEDOT 
1220 
(220) 
4.6 
(0.17) 
0.38 
(0.07) 
2.33 
(0.32) 
900 
(50) 
260 
(120) 
7 
40 nm 
 m-
PEDOT 
1490 
(50) 
4.8 
(0.2) 
0.31 
(0.07) 
2.10 
(0.06) 
800 
(100) 
220 
(100) 
7 
60 nm 
 m-
PEDOT 
1570 
(80) 
4.60 
(0.23) 
0.37 
(0.01) 
2.65 
(0.17) 
1320 
(440) 
320 
(90) 
8 
80 nm 
 m-
PEDOT 
1430 
(60) 
4.3 
(0.6) 
0.37 
(0.08) 
2.42 
(0.33) 
940 
(30) 
380 
(80) 
4 
24 nm PEI 
 
20 nm 
m-PEDOT 
940 
(10) 
4.90 
(0.3) 
0.42 
(0.01) 
1.9 
(0.14) 
620 
(30) 
70 
(10) 
4 
 
40 nm 
m-PEDOT 
940 
(120) 
5.6 
(0.4) 
0.39 
(0.02) 
2.05 
(0.07) 
560 
(80) 
70 
(20) 
4 
 
60 nm  
m-PEDOT 
1280 
(240) 
4.3 
(0.2) 
0.40 
(0.01) 
2.22 
(0.52) 
980 
(260) 
280 
(130) 
4 
 
80 nm 
 m-
PEDOT 
1270 
(220) 
4.5 
(0.6) 
0.41 
(0.02) 
2.35 
(0.66) 
950 
(140) 
210 
(140) 
4 
 
13 nm PEI 
20 nm 
m-PEDOT 
870 
(10) 
5.5 
(0.2) 
0.40 
(0.03) 
1.90 
(0.16) 
530 
(70) 
70 
(20) 
4 
40 nm 
m-PEDOT 
880 
(50) 
5.1 
(0.2) 
0.37 
(0.05) 
1.66 
(0.18) 
450 
(100) 
80 
(20) 
4 
 
60 nm 
m-PEDOT 
930 
(60) 
4.6 
(0.2) 
0.39 
(0.02) 
1.67 
(0.05) 
570 
(30) 
90 
(20) 
4 
 
80 nm 
m-PEDOT 
980 
(100) 
4.4 
(0.1) 
0.37 
(0.03) 
1.56 
(0.04) 
560 
(30) 
100 
(30) 
4 
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the ICL layer showed diode-like behaviour, which suggests that PEI and m-PEDOT: 
PSS layer does not form an ohmic contact. This may have led to photovoltage losses at 
the PEI/m-PEDOT: PSS interfaces. 
 
 
Figure 4.19 J-V characteristic of the diode made from ICL of various thicknesses of PEI and m-PEDOT:PSS layers: 
(A) (32nm)PEI/m-PEODT:PSS, (B) (24 nm)PEI/m-PEDOT:PSS, and (C) (13nm)PEI/m-PEDOT:PSS. 
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4.3.4 Comparison of TiOx and PEI in combination with m-PEDOT:PSS to 
increase the photovoltage. 
 
Figure 4.20 Comparison of J-V characteristic of single junction PSCs, homo-tandem PSC using TiOx/m-PEDOT:PSS 
and PEI/m-PEDOT:PSS ICL. 
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Table 4.4– Comparison of photovoltaic performance of single junction PSC,  homo-tandem PSC using TiOx/modified-
PEDOT:PSS as ICL and homo-tandem PSC using PEI/modified PEDOT:PSS as ICL. 
 
Note:    the number in the bracket is the standard deviation. 
 
To investigate the effect of two ICLs comprising of TiOx/m-PEDOT:PSS and 
PEI/m-PEDOT:PSS on the performance of PSC,  the devices using optimum TiOx /m-
PEDOT:PSS thickness, the devices using optimum PEI/m-PEDOT:PSS thickness and 
single junction PSC are compared in Figure 4.20 and Table 4.4. 
Figure 4.20 shows that from a comparison of J-V characteristics of homo-
tandem PSC using TiOx/m-PEDOT:PSS, homo-tandem PSC using PEI/m-PEDOT: PSS 
and single junction PSC, using TiOx/m-PEDOT: PSS as an ICL for a series connection 
homo-tandem PSC can improve the VOC by 390 mV compared with the single junction 
PSC. While the homo-tandem PSC using the PEI/m-PEDOT: PSS as an ICL, further, 
improves VOC up to 700 mV. The increase in the VOC in the homo-tandem devices 
resulted from the electrical series connection through the TiOx/m-PEDOT: PSS or 
PEI/m-PEDOT: PSS ICL. However, the VOC is lower than expectation by 30 % for 
TiOx/m-PEDOT ICL, and 10% for PEI/m-PEDOT ICL, which could possibly be due to 
non-ohmic properties of the ICL. Also, a possible reason for the lowering of the VOC in 
the TiOx and PEI-based ICL is the electrical circuit shorting between the 1st sub-cell and 
2nd sub-cells. Another factor which is related to low VOC is the accumulation of charge 
carrier density at the ICL which is observed in the double diode shape in the light J-V 
curve and the non-ohmic contact formation at the ICL. Another evidence which 
supports the accumulation of the charge is the increase in the RS in the dark J-V curve.  
Also, using homo-tandem PSC devices structure for the active layer based on 
PCDTBT:PSC[71]BM gave low JSC which can be attributed to the overlapping of the 
active layer absorption of 1st and 2nd sub-cells. In addition, another factor which may 
relate to a low current density is an imperfect ICL coverage on top of the active layer 
Solar cell  
type 
ICL composition Average photovoltaic parameters 
RSH 
Ωcm-2 
RS 
Ωcm-2 
Number 
of 
devices Electron 
interfacial 
layer 
Hole interfacial layer VOC 
(mV) 
JSC  
(mA 
cm-2) 
FF PCE 
(%) 
Single 
junction 
No No 870 
(30) 
11.8 
(0.4) 
0.52 
(0.02) 
5.3 
(0.40) 
510 
(140) 
14 
(2) 
16 
Homo-
tandem 
28 nm TiOx 
40 nm 
m-PEDOT 
1240 
(10) 
3.82 
(0.25) 
0.34 
(0.01) 
1.60 
(0.11) 
360 
(150) 
250 
(160) 
4 
32 nm PEI 
60 nm 
 m-PEDOT 
1570 
(20) 
4.60 
(0.23) 
0.37 
(0.08) 
2.65 
(0.17) 
1320 
(60) 
380 
(90) 
8 
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leading to electrical short circuiting of the 1st and 2nd sub-cells through the ICLs which 
leads to charge carrier losses within the homo-tandem PSC.  
Among those two ICLs, the PEI-based ICL gives higher photovoltage (1570 
mV) than the TiOx/PEDOT:PSS ICL (1240 mV); possibly because the PEI-based ICL 
has a better mechanical robustness. Back to the aim of this PhD project, both homo-
tandem PSCs have VOC reaching to the theoretical voltage which can be used for 
splitting water. However, in practice, water splitting takes place at higher potentials than 
1.23 V due to the over potentials (η) at the oxygen and hydrogen evolution sites. 
Therefore the homo-tandem PSC made from PEI/m-PEDOT:PSS is more suitable to 
drive the water splitting reaction than TiOx/m-PEDOT:PSS device. It can be noticed 
that adding triton-x 100 onto PEDOT:PSS can improve the surface coverage on the 
active layer/ETL interface and prevent short circuiting through the ICL from the 2nd 
active layer solution casting during the fabrication. However, this approach also 
increased the resistance of the ICL interface which is seen from the increase of the RS 
and double diode shape in the J-V curve. In addition, PEDOT: PSS-based ICL may 
have encountered problems with strong acidity and hygroscopicity.35,36 Therefore, 
alternative solution processable ICLs based on e TiOx:MoOx and PEI:MoOx will be 
developed and investigated in the next chapter (Chapter 5).         
4.4 Conclusion 
The homo-tandem PSC devices have been successfully fabricated by 
systematically varying the ICLs’ thicknesses. The photovoltaic performance, JSC, FF, 
VOC of homo-tandem PCS with ICLs prepared using triton-x 100 modified PEDOT:PSS 
incorporated with:  (i) TiOx and (ii) PEI with the aim of increasing the open circuit 
voltage was systematically investigated.   
Adding triton-x 100 (non-ionic surfactant), also improved the surface 
wetting/coverage of the ICL on the active layer which was observed from the surface 
contact angle measurement.  
The active solution barrier of the ICLs was also investigated by using a pure 1,2-
dicholorobenzene (ODCB) dropped on top of the ICL/active layer films and spin casted  
to remove the possible dissolve material. The ICL constructed using TiOx/m-PEDOT: 
PSS showed a reasonable solvent barrier with high optical transparency but low 
conductivity. The ICL constructed from PEI/m-PEDOT: PSS showed a good solvent 
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barrier, with high optical transparency and higher conductivity than the TiOx/m-
PEDOT:PSS ICL.  
The homo-tandem device PSC using TiOx incorporated with m-PEDOT:PSS 
achieved a high VOC of 1240 mV which reaches the theoretical value for water splitting. 
However, the VOC is measured when no net current flows across the circuit, thus the 
homo-tandem devices using TiOx/m-PEDOT:PSS as an ICL is not suitable for water 
splitting.  
The origin of the VOC loss may arise from the existence of direct electrical 
connection between 1st and 2nd sub-cells, which can be seen from the homo-tandem PSC 
which was fabricated with (21 nm)TiOx/(20 nm)m-PEDOT:PSS ICL that had a current 
density 50% larger than from the single junction PSC. The homo-tandem PSC showed 
30% lower VOC than the VOC expected from Kirchoff’s law based on the series connected 
single junction devices; which was due to the non-ohmic contact at the ICL, leading to 
higher RS compared to the single junction PSC.       
The existence (or the lack of) an ohmic contact forming between the EIL and the 
HIL was investigated by using simple diode device fabrication. The fabricated diode 
devices from TiOx/m-PEDOT: PSS revealed that the ICL did not form an ohmic 
contact.  
The JSC of homo-tandem PSC using TiOx/m-PEDOT: PSS was lower by half 
compared to the single junction PSC due to optical losses in the 1st sub-cell, which 
limited the JSC of the 2nd sub-cell and consequently the current output of the homo- 
tandem PSC.  
The presence of an s-kink and high RS are other effects that reduced the JSC and 
FF which were due to adding of the triton-x non-ionic surfactant.  
The homo-tandem PSC using (32nm) PEI/(60 nm) m-PEDOT:PSS achieved a 
high VOC of 1570 mV which produced sufficient photovoltage to split water.   
The diode devices built from PEI/m-PEDOT: PSS revealed that the ICL did not 
form an ohmic contact. This result suggested that the PEI/m-PEDOT: PSS can form a 
close to ohmic contact, although there is some voltage loss due to the resistance of the 
PEDOT: PSS used here. Another origin of VOC loss may arise from the existence of 
direct electrical connection between 1st and 2nd sub-cell. The JSC of homo-tandem PSC 
using PEI/m-PEDOT: PSS was lower by half compared to the single junction PSC due 
to an optical absorption loss in the 1st sub-cell, limiting the JSC of the 2nd sub-cell 
consequently limiting the JSC of the homo-tandem PSC. 
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 The presence of an s-kink and high RS are reasons why the JSC, FF and PCE 
were reduced. Thus, to improve the performance of homo-tandem PSC, the 
interconnecting layer and the concentration of the surfactant needs further optimisation. 
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CHAPTER 5 
THE DEVELOPMENT OF SOLUTION 
PROCESSABLE MOLYBDENUM OXIDE AS HOLE 
INTERFACIAL LAYER IN SINGLE JUNCTION 
AND HOMO-TANDEM POLYMER SOLAR CELLS 
  
5.1 Introduction 
5.1.1 The hole interfacial layer in single junction PSC 
High performance polymer solar cells would typically use a hole interfacial 
layer (HIL) between the active layer and the electrical contacts.1-3 The main 
requirements for an anode buffer layer are: (i) a good energy level matching with the 
highest occupied molecular orbital (HOMO) of the donor polymer in the active layer blend, 
(ii) fast hole transport, (iii) high selectivity for positive charge carriers, (iv) high optical 
transparency, and (v) high stability.   
Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) has 
been most frequently used as HIL. It has:  (i) a work function around 4.8-5.4 eV 4-8 , 
which is close to the HOMO of most donor molecules thus improving hole extraction, 
9,10and reducing charge recombination at the contact, (ii) high conductivity (>10-5 S cm-
1), and (iii) reasonably high optical transparency (80% over 350-800 nm, when the 
thickness is around 40 nm). PEDOT:PSS also provides a smooth surface film when 
coated on the ITO surface. Thus, the utilization of a PEDOT:PSS layer results in 
improved ohmic contact between the active layer and the electrode, which increases the 
open-circuit voltage (VOC) of a single junction PSC device. 10,11 
 However, it was shown that the strong acidity (with pH ~1-2),12,13 and 
hygroscopicity12,13 of PEDOT:PSS may cause device degradation due to the corrosion 
of the ITO.12,13 Furthermore, phase separation of PEDOT from the PSS may lead to a 
lower conductivity of the film resulting in a further decrease in device performance.14,15 
Therefore, much effort has been spent on replacing the PEDOT:PSS with 
transition metal oxides as alternative materials to be utilised in single junction PSC. 
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Alternatives include NiO,16-18 WO,19-22 V2O5,23-25, and MoOx.26-30 Transition metals 
oxides can be processed either by vacuum deposition or solution-based deposition 
processes such as spin coating.27 Among transition metal oxides, molybdenum oxide 
(MoOx) is an attractive HIL due to its low-lying valance band potential, approximately -
4.9 eV-(-5.4) eV when exposed to air, and -6.7 eV  in vacuum27,31 , suitable for 
extracting holes efficiently for most donor materials. 
Furthermore, MoOx is usually fabricated by thermal evaporation with a thickness 
of only 10 nm in high efficiency (PCE 6.5% for PCDTBT) devices, affording high 
transparency. It has been shown to be stable in ambient conditions, enhancing the PSC 
device stability.13,26,32  
In particular, the focus of this Ph.D. project is to replace vacuum deposition 
processes in the fabrication of PSC; in order to facilitate the large scale deployment of 
this technology. A method to develop a solution-processing route for MoOx deposition 
was inspired by a method to clean metal and metal oxide residues from the thermal 
evaporation chamber used for PSC fabrication in the laboratory. To facilitate the 
removal of aluminium metal contamination after contact evaporation, a 10-15% sodium 
hydroxide solution (Figure 5.1) was used; which was much more effective than just 
mechanical scrubbing off of the layers.  
 
Figure 5.1 The vacuum chamber, before Al/Al2O3 removal (A), and after the Al/Al2O3 layer has been removed by 
NaOH solution (B). 
Following on from this, a water-based molybdenum oxide solution was 
developed by using a commercially available precursor. The method involved using 
32% w/v ammonium hydroxide and metal oxide powder as the precursors. Ammonium 
hydroxide was chosen because it does not have a metal cation. Also the molybdenum 
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oxide precursor solution (ammonium molybdate) easily decomposes to form a 
molybdenum oxide layer by annealing at 150 ⁰C and therefore it should not contaminate 
the interlayer solution. Initially, the method to dissolve the metal oxide in a strong base 
was tested using NiO and MoO3. The results showed that NiO did not dissolve in 
ammonium hydroxide, while MoO3 dissolved very well in the 32% ammonium solution 
under ultra-sonication (see Figure 5.2).  
From this initial test, the following questions were raised: 
(i) Can the molybdenum oxide solution (MoOx solution) be used to deposit an 
HIL to replace PEDOT: PSS? 
 (ii) What is the optimum layer thickness of the MoOx to achieve maximum PSC 
performance?  
 
Figure 5.2 The metal oxide particles in ammonium hydroxide solution. 
 
In this first part of this chapter, the water-based recipe for molybdenum oxide 
layer was investigated and compared with the PEDOT:PSS layer.    
5.1.2 Prospects for replacing PEDOT:PSS as the ICL in tandem PSC. 
Homo-tandem polymer solar cells were typically composed of two individual 
sub-cells connected together to enhance light absorption (see Chapter 4). To connect the 
two sub-cells, an interconnecting layer (ICL) is placed between the sub-cells in a 
tandem solar cell as an important component for achieving high-performance PSC. The 
ICL is typically a bilayer of two interfacial layers: one (EIL) and a (HIL), each of them 
selectively collecting photo-generated electrons and holes from the two sub-cells. 
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 The role of the ICL is to connect two sub-cells, and needs to be deposited 
without damaging the first sub-cell during fabrication. Therefore, the mechanical 
robustness of the ICL during the coating process is an important parameter. Also, the 
ICL should have adequate work functions (WFs) to match the energy levels of the 
electrons and holes in the active layers. 
In addition, the ICL should have sufficient conductivity (>10-5 S cm-1) and high 
optical transparency,[33] to minimize transmission and electrical losses. Solution 
processed ICL should not dissolve the underlying layer, which may lead to poor device 
performance. PEDOT:PSS has been frequently used as a hole interfacial material for the 
interconnecting layer (ICL), see Chapter 4.  
To construct the ICL for tandem PSC, a bilayer of two interfacial layers are 
incorporated by sequential deposition (EIL and HIL for the normal architecture tandem 
PSC). Various types of EILs, such as metal oxide and conjugated polyelectrolytes, and 
non-conjugated polyelectrolytes have been employed in ICL; such as TiOx,34,35  ZnO,36-
39 Poly [(9,9-bis(3'-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9–
dioctylfluorene)] (PFN) derivative 40 and polyethylenimine (PEI).41,42  
PEDOT:PSS is frequently used as HIL for the ICL.33,43-47 However, as 
mentioned above, acidic and hygroscopic characteristics of PEDOT:PSS have been 
largely identified as factors reducing device stability.12-15,48 Therefore, an alternative 
HIL such as transition metal oxide (e.g. MoOx,42,49,50) has also been utilized. The benefit 
of a water based recipe for depositing molybdenum oxide is the low solubility of the 
polymer and PCBM derivative in water, so the active layer may not be damaged during 
the formation of the HIL.  
For these reasons, instead of using PEDOT:PSS layer, the water-based 
molybdenum oxide layer recipe has been developed and investigated in this chapter for 
use in double junction solar cells.  
5.1.3 Purpose of the chapter and methodology 
A general aim of this thesis is to develop a high photovoltage PSC for water 
splitting applications. To achieve photovoltage beyond 1.23 V using an existing high-
performance polymer: fullerene system, a tandem polymer solar cell is needed. In the 
previous chapter, it was demonstrated that PEDOT: PSS can be used as part of an ICL. 
However, strong acidity (with pH ~1-2),12,13 and hygroscopicity12,13 of PEDOT:PSS 
may cause device degradation. Therefore, solution processed molybdenum oxide will be 
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investigated in this chapter by fabricating single junction and double junction polymer 
solar cells. 
Firstly, the suitability of a water-based precursor solution of hydrolysed MoO3 
in ammonium hydroxide, to prepare high quality PSC with a novel HIL, is tested with 
the aim of optimising the film thickness to achieve maximum photovoltaic performance. 
Since this project started in 2012, there have been reports of similar approaches 
to prepare solution processed MoOx layer, including using the MoO3 and ammonium 
hydroxide as a precursor.51,52 There are, however, few51,52  reports about the detailed 
optical and electronic characterisation of solution-deposited MoOx layer. Furthermore, 
no detailed comparisons with the commonly used PEDOT:PSS HIL has been made. 
Therefore, in addition to the above mentioned thickness optimisation, detailed 
characterisation was performed in this chapter as described below. 
For these studies, poly[N - 9′-hepta-decanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2-
thienyl-2′,1′,3′-benzothiadiazole)](PCDTBT):)]:[6,6]-phenyl-C70-butyric acid methyl 
ester (PC[71]BM) was chosen as an active layer to be consistent with previous chapter 
in this thesis. The device structure was the normal geometry: ITO glass/HIL/active 
layer/electron interfacial layer/Al.  
 To optimise the thickness of the MoOx, the concentration of the precursor was 
varied. The thickness of the MoOx layer used here was less than 10 nm. Measuring the 
thickness of the MoOx layer was very difficult when using a stylus profiler. For 
example, the MoOx film should be deposited on a smooth substrate such as silicon 
wafer substrate; also the film step should be very smooth and clean. Therefore, UV-vis 
absorption was used to estimate the MoOx thickness. To understand the origin of the 
effect of the molybdenum oxide interfacial layer on enhancing the performance, the 
device performance was analysed by comparing the saturated current densities at 
reverse and forward bias as an indication of the series and parallel resistance. 
Also the MoOx film may form an amorphous phase which will reduce the 
conductivity of the film. External quantum efficiency measurements were performed to 
check the effect of the interfacial layers on the optical absorption and charge  
generation/collection. The conductivity of the interfacial layers was tested by casting 
films on top of ITO glass, then depositing aluminium on top and encapsulating using a 
UV epoxy resin in an argon-filled glove box. The devices were tested by measuring the 
current-voltage response. The crystallinity of the solution processed molybdenum oxide 
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may affect the electrical conductivity. Therefore, XRD was performed to check the 
crystallinity of the molybdenum oxide film as deposited on a glass substrate.  
Furthermore, the surface roughness of the film, indicative of the morphology, 
was investigated by using atomic force microscopy (AFM), which was measured by 
Tian Zheng from the Intelligent Polymer Research Institute (IPRI) at the University of 
Wollongong, to observe the surface coverage and surface morphology of the 
molybdenum oxide film on the ITO surface. The surface structure of the ITO may be 
changed after deposition of the MoOx thus AFM imaging was performed to indicate the 
surface coverage of MoOx.  
The results indicate that almost identical VOC and JSC can be obtained using 
MoOx as compared with PEDOT:PSS. However, the FF was lower. To further improve 
the PCE, single junction solar cells using an additional TiOx-PEI layer developed in 
Chapter 3 as an excellent electron interfacial layer were fabricated and compared with 
devices using PEDOT:PSS and TiOx-PEI. 
The second aim of this chapter is to develop new ICLs by replacing the 
surfactant modified PEDOT:PSS (m-PEDOT:PSS) (see Chapter 4) with the solution 
processed MoOx. The two new ICLs investigated and optimised in this chapter are:  (i) 
TiOx (EIL) and MoOx (HIL), and (ii) PEI (EIL) and MoOx (HIL). 
The two EILs have been selected to be consistent with previous chapter. The 
TiOx is an electron transport material with a conduction band level matching the LUMO 
of PCBM.53 Also, the hole mobility of the TiOx is low. Therefore, it is classified as an 
electron conductor/hole blocking interfacial layer.  
On the other hand, the PEI is a non-conjugated polymer backbone 
polyelectrolyte, in which charges are transported through by a tunnelling mechanism. 
Due to the pendant amine groups, the mechanism of the PEI layer is to the modify the 
work function of the electrode and thus improve its selectivity. Dipole interactions 
between the amine groups of PEI and electrode (in the case of single junction PSC) is 
thought to be responsible for the work function change .54 Also, as in the previous 
chapter, the PEI layer showed improved mechanical robustness over the TiOx layer. 
Therefore, a combination of the PEI layer and MoOx is an interesting interconnecting 
layer to use in double junction PSC. 
The thickness of both combinations of ICLs will be investigated as shown in the 
Table 5.1 and compared with PEI/m-PEDOT (Chapter 4). 
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For simplicity and consistency with the previous chapter, the device structure 
chosen for this study was the ‘normal geometry’ as ITO/PEDOT:PSS/1stactive 
layer/ICL/2nd active layer /TiOx/Al (Figure 5.3(b)). Both sub-cells were made from 
PCDTBT:PC[71]BM blend, the choice of polymer blend for all studies in this thesis. In 
addition, tandem PSC with single junction PSC using the normal geometry 
(ITO/PEDOT:PSS/active layer /TiOx/Al) were compared. The thickness of the EIL and 
HIL was varied for the two ICLs in homo-tandem PSC devices. The device 
performance was analysed using current-voltage curves under illumination and in the 
dark.  The saturated current densities at reverse and forward bias in the dark, as an 
indication of the series and parallel resistances, were also compared. Due to the ICL 
deposition being significantly dependent on the interfacial contact property of the 
film/active layer, it was necessary to determine how easily the MoOx solution wets the 
active layer surface. In this work, the surface wettability of the film was studied by 
measurements of solution contact angles between a drop of MoOx solution on:  (i) 
quartz slide /active layer (PCDTBT: PC[71]BM), (ii) quartz slide/active layer/TiOx and 
(iii) quartz slide/active layer/PEI. Wettability tests were performed by checking the 
contact angle of MoOx solution on top of the active layer, the ITO/active layer/TiOx and 
ITO/active layer/PEI. 
Furthermore, UV-Vis absorption spectroscopy was performed to detect possible 
damage to the 1st sub-cell during the deposition of the 2nd sub-cell. To test whether the 
active layer was dissolved or not, due to solvent penetration through the ICL, a drop of 
solvent (1,2- dichlorobenzene) was used. A drop of ODCB solvent was coated on top of 
the ICL ((20 nm)TiOx/(7.5 nm)MoOx or (13(nm)PEI/(7.5 nm)MoOx) ) by using the 
same spin coating conditions as for depositing the 1st active layer. Then the UV-vis 
absorption of the film was measured to check for any changes to the absorbance due to 
possible damage.  
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Figure 5.3 Device architecture used in this chapter:  (A) single junction PSC, and (B) Homo-tandem PSC. 
5.2 Experimental 
5.2.1 Materials  
5.2.1.1 Molybdenum oxide solution 
MoOx precursor solution was prepared by dissolving 150 mg molybdenum (VI) 
oxide (Sigma-Aldrich) in 1 mL of 30% ammonium hydroxide to prepare a stock 
solution, followed by 5 minutes sonication of the solution. Prior to deposition, the stock 
solution was diluted with deionized water to afford concentrations of molybdenum 
oxide of 2, 4, 6 and 8 mg/ mL respectively. The solution was deposited by spin coating 
at 8,000 rpm for 40 s, and then the films were heated to 150⁰C for 20 minutes.  
5.2.1.2 Preparation of the TiOx  
The TiOx interfacial layer was prepared by a sol-gel route as in Section 3.2 
(Chapter 3). Prior to deposition, the titanium oxide stock solution was diluted with 
isopropanol to obtain concentrations of 15.0, 12.5, 10.7 mg/mL of titanium 
diisoporpoxide bis(acetonate) respectively. The deposition of TiOx was performed by 
spin coating at 5000 rpm for 40 s. After 40 s, the TiOx film was dried and kept in air 
prior to deposition of the next layer. 
5.2.1.3 Preparation of the PEI 
The PEI layer was prepared using the same method as in Chapter 3. 50% w/v of 
PEI (MW 750,000, Sigma-Aldrich) was diluted with 2-methoxyethanol to obtain 5.0, 
2.5, and 1.3 mg/mL PEI. The above EIL solutions were deposited on top of the active 
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layer by spin coating at 5000 rpm for 40 second. The thickness (shown in Table 5.1) 
was estimated from the optical absorption as explained in Chapter 3. The ETL thickness 
was measured using UV-Vis absorption. The thickness of the ETL was tuned by 
changing the ETL precursor concentration while keeping the spin speed constant. 
5.2.1.4 MoOx thickness measured using UV-vis absorption  
The thickness of the MoOx interlayer was varied by changing the MoOx 
precursor concentration while keeping the spin speed constant at 8000 rpm. UV-Vis 
absorption measurements were performed to check the thickness. The thickness of 
MoOx layer was less than 20 nm. Measuring the MoOx layer with thicknesses less than 
20 nm using a stylus profilometer or AFM was difficult. Accurate thicknesses could not 
be determined, so UV-vis was chosen to characterise the change in MoOx thickness 
with precursor concentration. 
5.2.2 Device Fabrication 
5.2.2.1 Single junction devices  
ITO substrate (Xin Yan Technology Limited) was cleaned by ultra-sonication in 
washing detergent, deionized water, acetone and isopropanol, for 15 minutes each step; 
followed by UV-Ozone treatment for 15 minutes. The HIL was deposited on top of the 
ITO substrate by using a spin coating technique. Two types of the HIL were used in this 
chapter, the first was the MoOx layer and second was the PEDOT:PSS layer as a 
reference HIL.  The deposition condition of the MoOx layer in the single junction was 
according to the method in Section 5.2.1.3. While, the PEDOT:PSS film was deposited 
using PEDOT:PSS solution, which was prepared using the same methodology as in 
Chapter 3, Section (3.2.1), namely spin coating at 5,000 rpm for 40 s. The photoactive 
layer was deposited on top of the hole contact interfacial layer, or on the top of ITO, by 
spin coating a solution of PCDTBT (7 mg/mL) and PC[71]BM (28 mg/mL) dissolved in 
1,2-dichlorobenzene (o-DCB) at 1100 rpm. A 120 nm thick aluminium layer was 
thermally evaporated at < 10-6 mbar directly on top of the active layer. For the device 
using both MoOx and TiOx-PEI, the TiOx-PEI layer was deposited on top of the active 
layer, followed by the deposition of the aluminium. The photovoltaic devices were 
encapsulated using a UV epoxy resin in an argon-filled glove box. Current density–
voltage (J–V) characteristics were measured under air mass 1.5G solar illumination (100 
mW cm-2) by using a Keithley 2400 source measurement unit. 
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5.2.2.2 Double junction devices 
The ITO substrate was cleaned following the same process as in Section 5.2.2.1, 
followed by treating with UV-Ozone for 15 minutes. The HIL was deposited using the 
same conditions as for the preparation of single junction devices. The photoactive layer 
thickness (1st active layer) was controlled by using the same spin speed as in Section 
5.2.2.1 (1100 rpm).  To deposit the ICL, the interconnecting layers were fabricated by 
varying the concentration of the interlayer solution (thicknesses) as listed in theTable 
5.1, and then the samples were heated to 60⁰C for 10 minutes. To deposit the ICL on top 
of the first active layer, the ICL thickness was varied by sequential deposition of EIL 
and HIL. For example, 15.0 mg/mL of the TiOx solution and 2.0 mg/mL of the MoOx 
were deposited on top of the active layer under the same conditions as mentioned in 
Section 5.2.1.2 and Section 5.2.1.4.   
The 2nd active layer was deposited on top of the ICL using the same spin speed 
as used for the 1st sub-cell, then followed by deposition of the TiOx and aluminium 
electrode on top of the 2nd active layer. 
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Table 5.1 The interconnecting layer component 
 EIL HIL 
TiOx concentration 
(mg/mL) 
PEI concentration 
(mg/mL) 
MoOx concentration (mg/mL) 
10.7 12.5 15.0 1.25 2.5 5.0 2.0 4.0 6.0 8.0 
Estimated 
thickness 
35nm 28nm 21nm 32nm 24nm 13nm 2.8nm 4.5nm 6.0nm 7.5nm 
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   ● 
 
Note; The TiOx and PEI layer thicknesses have already been presented in Chapter 3. 
The MoOx thicknesses estimation will be presented in Section 5.3.1.1.  
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5.3 RESULTS AND DISCUSSION 
5.3.1 Single junction PSC using MoOx as HIL  
5.3.1.1 MoOx thickness measured using UV-vis absorption  
The thickness of the solution processable MoOx interlayer was tuned by 
changing the MoOx precursor concentration while keeping the spin speed the same. To 
confirm this methodology to tune the thickness, UV-vis absorption spectra of the films 
were measured.  
 Figure 5.4 UV-Vis absorption of MoOx layer deposited on quartz from various 
concentrations of MoOx solutionshows the UV-vis absorption spectra of the MoOx film 
spin-coated on quartz substrate from various concentrations of the precursor solutions. 
The MoOx layer shows an absorption peak at 204 nm. This UV-vis absorption peak was 
chosen to estimate the MoOx film thickness. The UV-vis absorption at 204 nm 
increased with increasing concentration (from 2.0 to 8.0 mg cm-3) of MoOx.  
To calculate optical density, the thickness of the layers needs to be measured 
first. However, it was difficult to estimate the thickness of the thin layers shown in Fig. 
5.4 by stylus profiler.  To reduce the error bar, the extinction coefficient was calculated 
using much thicker films (50.0 and 20.4 nm). These films were prepared   by using 175 
mg cm-3 and 87.5 mg cm-3 of molybdenum oxide solution cast on top of the quartz slide. 
The absorbance at 204 nm wavelength were 0.572 and 0.3659.  
Therefore, the extinction coefficient was 1.11×105 cm-1 and 1.79×105cm-1 
respectively. It was noticed that the estimated thickness (from two different 
concentration of the MoOx solutions) in Table 5.2 was similar in range. Also, the 
roughness of the substrate might affect o the accuracy of the thickness measurement for 
a thinner film. The absorption peak values of the films at 204 nm shown in Table 5.2 are 
very low. Light reflection may affect the accuracy of the measurement. Therefore, the 
thicknesses reported here may not be completely accurate. 
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Table 5.2 Estimated MoOx thickness based on optical density 
 
   
Figure 5.4 UV-Vis absorption of MoOx layer deposited on quartz from various concentrations of MoOx solution. 
5.3.1.2 Device performance of PSC using various HIL  
To find the optimum thickness (precursor concentration) of MoOx layer, the 
performance of fabricated PSCs using MoOx as the HIL were compared with the 
reference PSCs using PEDOT:PSS.  
Figure 5.5 and Table 5.3 summarizes the photovoltaic performance (VOC, JSC, 
FF, PCE, RSH, and RS of PSC), averaged at least for six devices. The reference device 
using PEDOT:PSS as HIL shows a VOC of 820 mV, JSC of 11.5 mA cm-2 and FF of 0.53, 
Precursor concentration 
(mg/mL) 
Peak absorbance at 
204 nm 
Estimated thickness based 
on extinction coefficient of 
the MoOx film (nm) 
1.11×105 1.79×105 
2 0.030 2.8 1.6 
4 0.049 4.5 2.7 
6 0.066 6.0 3.7 
8 0.083 7.5 4.6 
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resulting in an average PCE of 5.0%. In comparison, depositing a 2.8 nm thick MoOx 
layer led to a drop of the VOC by 470 mV, a lower JSC (10.0 mA cm-2) and FF (0.29), 
resulting in lower PCE (1.2 %). Using a 2.8 nm MoOx layer decreased the shunt 
resistance (70 ohm cm-2), while slightly increasing the series resistance to 24 ohm cm-2.  
Increasing the MoOx thickness to the optimum condition (6.0 nm), the photovoltage of 
PSCs was significantly increased to 800 mV, FF of 0.47, a slightly higher JSC of 11.1 
mA cm-2 and a PCE of 4.2%. The RSH was 450 ohm cm-2 and the RS was 21 ohm cm-2. 
Further increasing the MoOx layer thickness (7.5 nm) lead to similar VOC and slightly 
lower JSC with the FF of 0.45, resulting in lower average photovoltaic performance of 
3.6 % compared with the 6.0 nm f MoOx device.  
 
Table 5.3 Average and standard deviation of the photovoltaic performance of PSC using various interfacial layers. 
Note; estimated using extinction coefficient, thickness may not be accurate. 
  
 
 
Electrode contact 
 
HIL 
thickness 
(nm) 
Average photovoltaic parameters Calculated 
JSC 
 ( mAcm-2) 
from EQE 
RSH 
Ωcm-2 
RS 
Ωcm-2 
Average 
devices 
number 
VOC 
(mV) 
JSC  
(mA 
cm-2) 
FF PCE 
(%) 
    
Hole electron 
PEDOT Al 30 
820 
(20) 
11.5 
(0.7) 
0.53 
(0.04) 
5.0 
(0.5) 
 
10.6 
520 
(200) 
16 
(2) 
 
16 
           
2.8 nm 
(2 mg cm-3) 
MoOx 
Al 2.8 
350 
(200) 
10.0 
0.9 
0.29 
(0.06) 
1.2 
(1.1) 
 
9.8 
70 
(70) 
24 
(6) 
8 
4.5 nm 
(4 mg cm-3) 
(MoOx) 
Al 4.5 
360 
(20) 
10.3 
(0.7) 
0.27 
(0.03) 
1.0 
(0.8) 
 
10.1 
40 
(30) 
26 
(7) 
7 
6.0  nm 
(6 mg cm-3) 
MoOx
 
Al 6.0 
800 
(10) 
11.1 
(0.4) 
0.47 
(0.03) 
4.2 
(0.4) 
 
10.0 
450 
(140) 
21 
(5) 
5 
7.5  nm 
(8 mg cm-3) 
(MoOx) 
Al 7.5 
790 
(10) 
10.2 
(0.5) 
0.45 
(0.09) 
3.6 
(0.3) 
 
10.1 
420 
(130) 
26 
(4) 
5 
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Figure 5.5 Comparison of performance parameters of PSCs with various HIL, where: (A) open circuit voltage, (B) 
short circuit current, (C) fill factor, efficiency, (D) power conversion, (E) series resistance, and (F) shunt resistance. 
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Figure 5.6 compares the J-V characteristics obtained for PSCs fabricated with 
PEDOT:PSS as HIL and various thicknesses of the MoOx interfacial layer. The JV-
curves were chosen to match the closest to the average efficiency in Figure 5.5 and 
Table 5.3. Compared with the PSC with PEDOT:PSS layer, a low concentration of 
MoOx precursor afforded lower VOC, JSC, and FF resulting in low PCE. As seen in 
Figure 5.6, but inserting 6.0 nm MoOx film led to improved Voc, and FF and slightly 
improved JSC, resulting in improved PCE. A possible reason for the increased VOC and 
FF is that the 6.0 nm MoOx provided a better coverage of the ITO surface than films 
prepared from lower concentrations of the MoOx precursors. The thicker MoOx layer 
provided better coverage, suppressed surface recombination at the ITO / active layer 
interface, increased the VOC and the shunt resistance. However, the increased series 
resistance, possibly due to the insulating nature of the thicker MoOx, led to lower FF 
compared with PEDOT:PSS. Further increasing the MoOx layer thickness (7.5 nm, 8 
mg cm-3) led to a drop of FF compared with 6.0 nm MoOx, while the JSC and VOC 
remained similar to a device with 6.0 nm MoOx interfacial layer. Another possible 
reason for poorer performance is the lower carrier selectivity of the MoOx HIL which 
increased surface recombination. This will be investigated in Chapter 6 using 
photovoltage decay and charge extraction measurements. 
 
Figure 5.6 Comparison of performance parameters of PSCs with various hole interfacial layers. 
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As seen from the results in Figure 5.5, Figure 5.6 and Table 5.3, the VOC of the 
device was strongly correlated with the thickness of the MoOx layer. Using a thin MoOx 
(2.8 and 4.5 nm), the VOC of the device was very low (350-420 mV) due to the poor 
surface coverage of the MoOx layer on the ITO (Figure B.1 in appendix) and the low 
shunt resistance. Increasing the MoOx thickness (6.0 nm or 7.5 nm), the VOC of the PSC 
device was almost doubled and was close to the values of the device using PEDOT:PSS. 
The variation of the VOC between devices was smaller compared with using very thin 
MoOx films (2.8 nm). This result suggests that the thicker MoOx film improved the 
surface coverage of the MoOx film on the ITO, thus reducing surface recombination and 
improving the VOC. Furthermore, thicker MoOx may also be more effective in modifying 
the work function of the ITO electrode, reaching similar VOC values compared with the 
PEDOT:PSS electrode (ITO work function 4.8-5.1eV).5 
The FF shows a similar trend to the VOC as the thickness of MoOx was varied. 
For a low concentration of the MoOx precursor, low FF around 0.29 was obtained, 
which can be attributed to fast surface recombination due to low surface coverage of the 
MoOx on the ITO. The FF was improved by 53% resulting in the increasing of the PCE 
to 4.2% when using a thicker MoOx film (6.0 nm). However, using even thicker MoOx 
(7.5 nm) resulted in a drop of the FF due to increased series resistance. 
The JSC obtained from the MoOx layer showed similar values of about 10.0 mA 
cm-2. The similar JSC for all MoOx thicknesses suggests that light absorption / charge 
generation was not significantly affected by using a MoOx layer. At sufficiently large 
externally applied voltage, surface recombination is supressed and almost the same 
charge carrier density can be extracted in unit time. It can be observed that the JSC 
obtained from MoOx is slightly lower than the PEDOT:PSS device; which is attributed 
to larger area of charge collection from a device area outside of the geometric area 
defined by the overlaping of the top metal and bottom ITO contact. A highly conductive 
of PEDOT:PSS hole transport layer deposited on the ITO increases the effective area as 
explained in Chapter 3.   
5.3.1.3 Series and parallel resistance of PSC using MoOx as interfacial layer  
Figure 5.7 shows the JV characteristics of the polymer solar cells in the dark. 
Semi-log plot of the dark JV plot is also shown to highlight the rectification behaviour 
of the solar cell diodes. At forward bias (+1.5 V), the slope of the current versus voltage 
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is related to the series resistance (RS).  At reverse bias (-1.5 V), the slope of the current 
versus voltage is related to the shunt resistance RSH and leakage current.  
The device with PEDOT:PSS (reference devices) showed RS of 16 Ω cm-2 and 
the RSH of 520 Ω cm-2. The turn on voltage of the device was around 0.7 V. The 
saturation current (-1.5V) was less than 0.1 mA cm-2 (See Figure 5.7 and Table 5.3).  
Inserting the MoOx hole contact layer instead of PEDOT:PSS led to changes in the 
measured current densities in the dark. Using a low concentration of the MoOx 
precursor (2 mg cm-2), the current density at +1.5 V was 67.0 mA cm-2, which 
corresponded to RS values of 24 Ω cm-2.  At -1.5 V, the current was slightly lower (63.0 
mA cm-2) compared with PEDOT:PSS devices, resulting in considerably lower shunt 
resistance (70 Ω cm-2). As seen from the dark J-V, a large current density can be 
observed at -1.5V suggesting that a low FF of the device originated from charge carrier 
losses due to imperfect surface coverage of MoOx (2.8 and 4.5 nm MoOx thickness). 
Increasing the thickness of the MoOx to 6.0 nm (6 mg cm-3) led to significantly lower 
leakage current at -1.5V (0.039 mA cm-2, high RSH), while the current density at +1.5 V 
was slightly lower than that obtained from the 2.8nm and 4.5nm MoOx devices.  
The higher RSH values suggest that reduced surface recombination resulted in 
improved VOC, FF and overall improved PSC device performance compared with the 
PSC with only a thin MoOx layer. Compared with PEDOT:PSS devices, the RSH of the 
6.0 nm MoOx layer device shows similar current leakage while affording a slightly 
lower current at + 1.5V, which corresponds to a slightly higher RS for MoOx devices. As 
mentioned above, this could lead to lower FF of MoOx devices compared with the 
PEDOT:PSS ones. 
To summarise, the optimum MoOx thickness for the water-based solution was 
6.0 nm, leading to PCE performance comparable to the PEDOT:PSS device. The results 
presented here show that the MoOx layer deposited using water based solution treated at 
low temperature can be used as an HIL instead of PEDOT:PSS. However, the 
conductivity may need to be improved further to achieve similar series resistance and 
FF. Another possible reason is that higher surface recombination in MoOx based films 
led to shorter diffusion / drift length of the charges causing lower FF. This will be 
investigated in Chapter 6 using transient photovoltage and charge extraction techniques. 
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Figure 5.7 J-V characteristics of PSCs using hole interfacial layer measured in the dark. 
 
5.3.1.4 EQE of PSC using MoOx as HIL 
Figure 5.8 shows a comparison of the external quantum efficiency (EQE) spectra 
of the PSCs devices using PEDOT:PSS and MoOx as HIL. The calculated JSC, obtained 
from the integration of the EQE spectra from 300 nm to 800 nm, is included in Table 
5.3.  
The PEDOT:PSS device shows approximately 9-15% lower calculated JSC than 
that obtained by JV-measurements at 100 mW cm-2 white light illumination. The error 
in JSC obtained from white light illumination is attributed to the highly conductive 
PEDOT:PSS hole transport layer deposited on the ITO giving higher short circuit 
current due to device area edge effects, as have been reported by Cravino et al, namely 
charge collection from outside of the geometric area defined by the overlapping area of 
the top aluminium metal and bottom ITO contact.55 The calculated JSC of the MoOx 
device is almost the same as obtained by JV measurements at 100 mW cm-2 white light 
illumination, which is  due to the lower conductivity of the MoOx film compared to 
PEDOT:PSS. Thus the JSC of the MoOx showed less error than the PEDOT:PSS device. 
It is noted that for EQE measurement, a monochromatic light beam was focused inside 
the active area whereas for white light measurements, the active area was defined as the 
geometric area described above. 
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The PSC using PEDOT:PSS showed two EQE peaks at 390 nm and 560 nm 
with EQE values of 69% and 66%, respectively. Inserting a 2.8 nm MoOx layer (2 mg 
cm-3) resulted in a 10 nm blue-shift in the EQE peak at 380 nm with decreased value (by 
6%). The EQE values at the second peak (550 nm) were lower by 4%.  For thicker 
MoOx interfacial layers (6 mg cm-3), the EQE values decreased by 5%, resulting in 
lower calculated JSC by 5% compared to the PEDOT:PSS device. These results are 
consistent with the decreased JSC in Table 5.3 measured under white light illumination. 
The EQE measurements show that inserting MoOx layers lead to a slight 
decrease in the calculated JSC. The calculated JSC decrease may originate from the MoOx 
thickness causing an optical cavity effect leading to lower intensity of absorbed light in 
the photoactive layer .18 Also, surface recombination may contribute to the decrease in 
calculated JSC as well (see Chapter 6).  
 
Figure 5.8 EQE spectra of PSCs using hole  interfacial layer measured in the dark. 
 
5.3.1.5 Current – voltage measurements of the MoOx diode  
The resistance of the MoOx films were too high to be determined using the 4-
point probe setup available in our lab (Jendal RM 3 AR, measurement limit 1 Ω/□ to 
120 MΩ/□). The current between the ITO strips was too low due to the large gap and 
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low conductivity of the MoOx layer. Therefore, a 100 nm thick aluminium layer was 
deposited on top of the MoOx film or PEDOT:PSS film. 
 The results in Figure 5.9 show that the resistance increases with increasing 
MoOx layer thickness. As noted in Chapter 3 (Section 3.2.4.2: conductivity 
measurement), the current between the two ITO strips most likely pass the MoOx 
interfacial layer twice, (Figure 3.2); therefore, the thickness showed in Figure 5.10 is 
double the thickness in Table 5.1. Also, as the conductivity measurement here is not a 
standard method, the unit used here is used for comparing the conductivity within this 
thesis. 
Figure 5.10 presents the slope of the JV curve in Figure 5.9 as a function of 
interfacial layer thickness. The resistance of the MoOx is increasing consistently but 
non-linearly with increasing film thickness. A non-linearly increasing resistance is 
possibly due to a deviation in MoOx thickness, a different degree of surface coverage 
(unevenness) of the MoOx on ITO, or changes in the conductivity of the MoOx as the 
thickness is increased.  
 
Figure 5.9 JV characteristic of MoOx layer deposited on patterned ITO, from various concentrations of MoOx 
solution, as diode device that is shown in Figure 3.2 (Chapter 3) 
However, it is noted that the conductivity of the PEDOT:PSS film is higher than 
the MoOx film even though the PEDOT:PSS is much thicker. Higher conductivity of 
PEDOT:PSS is thought to lead to higher FF. Furthermore, increased lateral conductivity 
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of the PEDOT:PSS film may increase the effective active area of the device leading to 
larger (but erroneous) JSC under white light JV measurements..     
 
Figure 5.10 The HIL resistance vs HIL thickness 
 
5.3.2 A further enhancement of the PSC device efficiency by using both 
MoOx and TiOx-PEI 
The results in Section 5.3.1.2 showed that the PSC using only MoOx afforded 
lower PSC device efficiency than that obtained from PSC using PEDOT:PSS as HIL. 
The major difference was the lower FF using the MoOx layer, which may originate from 
increased surface recombination compared to PEDOT:PSS. To further improve the 
performance, a high performing TiOx-PEI optimized in Chapter 3 was combined to try 
to reduce surface recombination at the aluminium contact. The optimum concentration 
of MoOx solution precursor and combination with the TiOx-PEI layer according to the 
method in Section 5.2.2 was used.  
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5.3.2.1 Device performance of PSC using MoOx and TiOx-PEI  
Table 5.4 shows the average values and standard deviation of photovoltaic 
parameters measured under 100 mW cm-2 simulated Air Mass (AM) 1.5 illumination for 
photovoltaic devices consisting of PCDTBT:PC[71]BM as active layer and various hole 
and electron interfacial layers.  
Figure 5.11 and Table 5.4 summarize the photovoltaic performance (VOC, JSC, 
FF, PCE, RSH, and RS of PSC), averaged for at least six devices. As indicated in italics, 
some of the data have already been presented in previous chapters and are collated here 
to aid comparison. 
 Similar to Section 5.3.1.2, the reference device using PEDOT:PSS as HIL 
shows a VOC of 820 mV, JSC of 11.5 mA cm-2 and FF of 0.53, resulting in an average 
PCE of 5.0%. Also, the RSH and RS were 517 and 16 Ω cm-2 respectively.  
Compared with the PEDOT:PSS only, inserting the TiOx-PEI layer between the 
active layer and aluminium electrode enhanced the VOC and FF of PSC significantly (by 
70 mV and 0.05 compared), while the JSC remained similar at 11.1 mA cm-2, resulting in 
a higher average PCE of 6%. In addition, the RSH and RS were significantly improved to 
660 and 12 Ωcm-2, respectively. 
 In comparison, replacing the PEDOT:PSS with a 6 nm thick MoOx layer led to 
similar VOC and JSC (10.0 mA cm-2) and lower FF by 0.06, resulting in lower PCE of 
4.2%. The RSH and RS were 450 and 21 Ωcm-2 respectively. Further comparison with a 
device fabricated by inserting MoOx at the ITO side and a TiOx-PEI active 
layer/aluminium electrode shows that this device afforded a further improvement in VOC 
and FF to 890 mV and 0.51 respectively. The calculated JSC were also similar between 
devices using only MoOx and MoOx with TiOx-PEI.  However, it is noticed that the 
MoOx only and MoOx with TiOx-PEI showed similar trends leading to lower FF. Thus, 
this may be a sign that the MoOx layer is not as good an electron blocking layer as 
PEDOT:PSS thus leading to increased surface recombination even in the presence of a 
well-performing TiOx-PEI electron interfacial layer. To further clarify the differences 
between PEDOT:PSS and MoOx, charge extraction and photovoltage decay are used to 
further investigate the recombination kinetics in this device in Chapter 6.   
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Table 5.4 – Average and standard deviation of the photovoltaic performance of PSC using both HIL and EIL. 
 
Note: The device using PEDOT:PSS as HIL was presented in Chapter 3 (in Black). The device using MoOx was 
produced for this chapter (in Red). The number in the bracket is the standard deviation.   
 
  
 
 
Electrode contact 
 
Estimated 
HIL 
thickness 
(nm) 
Average photovoltaic parameters Calculate 
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Figure 5.11 Comparison of performance parameters of PSCs with various interfacial layers. 
 
5.3.3 Homo-tandem PSC using TiOx/MoOx as interconnecting layer (ICL)  
5.3.3.1 Optical absorption of the TiOx/MoOx as ICL 
The optical absorption of the ICL layer (TiOx/MoOx) is characterized by using 
UV-vis absorption.  Figure 5.12 shows the transmittance of the TiOx/MoOx films 
deposited on a quartz slide, as well as the normalized absorption spectrum of the 
PCDTBT:PC[71]BM blend for comparison. The ICL shows transmittance values 80 % 
and 92 % over the majority of the wavelength range where the PCDTBT:PC[71]BM 
active layer absorbs. Therefore, insertion of the ICL layer in a tandem cell is not 
expected to lead to large optical losses. Changing the TiOx thickness in the TiOx/MoOx 
bilayer ICL from (21nm) TiOx to (35nm) leads to slightly lower film transparency 
within the (350-800 nm) wavelength range. To further investigate the optical loss of the 
ICL, a 50 nm MoOx layer was used instead of 7.5 nm MoOx. The transmittance value of 
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the ICL decreased to 80-90% over the 350-800 nm range. It has been shown that a 
thicker ICL is still highly transparent.   
 
 
Figure 5.12 Transmittance spectra of ICL of TiOx/MoOx and normalized absorption spectrum of 
PCDTBT:PC[71]BM. 
 
5.3.3.2 Surface wettability of MoOx on the active layer and on the EIL. 
Similar to the PEDOT:PSS, surface wettability of the HIL influences the surface 
coverage of the active layer by the ICL. To investigate the surface wettability, the 
contact angle of the MoOx solution on the active layer, with and without coating with 
TiOx and PEI layers, was measured. Figure 5.13 shows the images of the MoOx 
solutions on the surface of PCDTBT:PC[71]BM (Figure 5.13 (A)), 
PCDTBT:PC[71]BM/TiOx (Figure 5.13 (B)), and PCDTBT:PC[71]BM /PEI films 
(Figure 5.13 (C)) deposited on glass slides, respectively. 
The images show a 97.4° contact angle of the MoOx droplet on the top of the 
PCDTBT:PC[71]BM, indicating poor wetting of the active layer surface by the MoOx. 
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Changing the substrate to PCDTBT: PC[71]BM/TiOx, the contact angle of the MoOx 
solution is less (48.3°), indicating increased wettability. Changing the substrate to 
PCDTBT: PC[71]BM/PEI, the contact angle of the MoOx solution is even lower 
(41.8°). These results reveal that the MoOx solution can be deposited on the active layer 
after depositing the EIL (TiOx or PEI). 
 
Figure 5.13 Droplet images of MoOx solution on PCDTBT:PC[71]BM (A), PCDTBT:PC[71]BM/TiOx (B), and 
PCDTBT:PC[71]BM/PEI (C). 
5.3.3.3 Solution barrier of the TiOx/MoOx as interconnecting layer (ICL) 
during deposition of the second active layer. 
The ICL should have sufficient mechanical robustness to protect the front sub-
cell from dissolution during the deposition of the 2nd sub-cell. Using the actual active 
layer solution to test the physical robustness of the ICL is experimentally difficult 
because of deposition of additional PCDTBT or PC[71]BM. Therefore, a pure solvent 
was chosen instead of the active layer to check whether it was able to penetrate though 
the ICL and remove the underneath layer. 
It should be noted that the treatment with 1,2-dichlorobenzene (ODCB) used 
here could be more severe than the typical active layer solution deposition, because the 
pure solvent can dissolve larger amounts of PCDTBT or PC[71]BM than the highly 
concentrated active layer solution. 
A drop of 1,2-dichlorobenzene was placed on the top of the 
quartz/PCDTBT:PC[71]BM/ICL for 20 seconds, then the solution or solvent was 
removed by spinning the sample at 1000 rpm until the film dried. Possible changes in 
the optical absorption of the PCDTBT:PC[71]BM film due to either or both the 
PCDTBT and PC[71]BM being dissolved in ODCB were measured to check the 
mechanical robustness of the ICL.  
Figure 5.14 presents the UV-vis absorption of the samples prior and after 
treatment with ODCB. The PCDTBT: PC[71]BM film without treatment shows an 
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absorption peak at 382 nm and a second peak at 470 nm with a broad absorption feature 
extended to 565 nm, typical for this active layer. Figure 5.14 (A) shows that the 
absorption of the active layer film on quartz does change significantly following the 
ODCB treatment. The 1st and 2nd peak positions were shifted to 400 and 580, 
respectively. Also, the baseline of the absorbance had dropped to 0.31 a.u.. Thus 
without ICL coverage, the active layer can be dissolved and removed by the ODCB 
treatment during spin coating. The spectral shape after treatment is similar to the 
PCDTBT only spectrum (see appendix), which suggests that PC[71]BM has been 
dissolved and removed from the active layer blend film.  
The absorption spectra of ODCB-treated PCDTBT: PC[71]BM with a 
TiOx/MoOx film on the top (Figure 5.14 (B) is similar compared with using no ICL. The 
absorbance is lower, and the 1st and 2nd peaks shifted to 400 and 580 nm, respectively. 
This suggests that the TiOx/MoOx ICL may not be able to protect the underneath active 
layer during the spin coating of the second sub-cell. This suggests that TiOx/MoOx may 
not be a suitable choice as an ICL layer for homo-tandem solar cells. 
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Figure 5.14 UV-vis absorption of PCDTBT:PC[71]BM as an active layer prior and after ODCB treatment:  (A) 
Active layer only, (B) Active layer coated with TiOx/MoOx ICL as a solvent barrier. 
  
5.3.3.4 Device performance of homo-tandem PSC that uses TiOx/ MoOx as ICL 
To investigate the effect of the thickness of both the electron (TiOx) and hole 
(MoOx) interfacial layers with the ultimate aim of achieving increased open circuit 
voltage in homo-tandem solar cells, the thickness of both EIL and HIL layers were 
varied. The photovoltaic performance was evaluated and compared with single junction 
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devices. Table 5.5 summarizes the photovoltaic performance (VOC, JSC, FF, PCE 
current, RSH, and RS) of PSCs. The device parameters were averaged based on data of 
16 devices for single junction PSC and 8 (sometimes only 5) devices for homo-tandem 
PSC as indicated in Table 5.5. 
 
(i) 35 nm TiOx / various thicknesses of MoOx 
Figure 5.15 (A) presents the JV characteristics, measured under  calibrated 100 
mW cm-2 white light, of single junction PSC and the homo-tandem PSC devices 
obtained for PSCs fabricated with 35 nm thick TiOx (the thickest layer tried in this 
chapter) and various thicknesses of the MoOx. The thickness of the MoOx was assumed 
to be the same as in Table 5.2 due to the identical solution concentration and spin 
coating conditions applied. The average open circuit voltage (VOC) of the single junction 
PSC is 870 mV, the JSC is 11.8 mA cm-2, the FF is 0.52 and the PCE is 5.3%. Using 
35nm TiOx and 2.8 nm MoOx resulted in an average open circuit voltage (VOC) of 850 
mV, short circuit current of 3.3 mA cm-2, FF of 0.25, and PCE of 0.7%. Increasing the 
MoOx thickness to 4.5 nm, the devices showed similar VOC (850 mV) with slightly 
lower average JSC (by 0.5 mA cm-2) and low FF (0.22), resulting in PCE of 0.53 %. 
Increasing the MoOx thickness to 6.0 nm, the devices showed increased VOC (890) mV, 
with lower average JSC (2.4 mA cm-2) and FF of 0.18, resulting in PCE of 0.33 %. It can 
be noted that two of the measured devices achieved VOC of 1 V. Increasing the MoOx 
thickness further to 7.5 nm, the average VOC of the device was further increased to 930 
mV, while the JSC decreased further (1.5 mA cm-2), resulting in a much lower PCE of 
0.28 %. 
The VOC of the homo-tandem devices was improved by 6% when relatively thick 
MoOx layers (6.0 nm and 7.5 nm) were applied, achieving up to 150 mV higher VOC 
compared with the single junction devices. This shows that the TiOx/MoOx ICL in 
homo-tandem devices can be used to increase the VOC. However, the VOC was much 
lower than expected from the series connection of two single junction PSC (1740 mV). 
This could be because of the lack of alignment of the Fermi level at the TiOx / MoOx 
ICL. As the dark JVs show, there is a remaining voltage (up to 200 mV) in the dark that 
can be measured several minutes after the light had been turned off. This suggests 
significant trapping at one of the interfaces in the tandem device, which was more 
prominent when using thicker MoOx layers. This suggests a non-ideal behaviour of the 
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TiOx / MoOx ICL, with the presence of a significant concentration of long-lived charge 
defects. 
 The JV-curves under illumination show an s-shape, also manifested in FF less 
than 0.25, which further suggests the presence of a charge extraction barrier at the 
ICL.56-58 The JSC in homo-tandem PSC using (35 nm)TiOx/(7.5 nm) MoOx was only 
13.6 % of the value obtained for single junction PSC. Generally, as the thickness of the 
MoOx is increased, the JSC is decreased. Although using the thinnest MoOx layer did not 
show clear signs of forming a homo-tandem device (no change in VOC), the JSC dropped 
significantly, by more than 66 %. This could be due to changes to the bulk 
heterojunction composition or changes to the morphology of the first active layer. 
UV-vis absorption tests (Figure 5.14) suggests that the TiOx / MoOx layers were not 
robust enough to protect the first active layer during the deposition of the second sub-
cell, causing the removal of the electron acceptor PC[71]BM. This would decrease the 
charge generation efficiency and hence JSC significantly. Furthermore, the lack of 
PCBM near the TiOx interface would make the alignment of the Fermi levels very 
difficult, causing the s-shape JV curve and the lack of VOC increase. As the MoOx layer 
thickness was increased, presumably the dissolution was less, so the VOC was slightly 
improved. But altogether, the lack of mechanical robustness of the ICL is thought to be 
the main reason for the low PCE performance. It is also noted that in the case of thicker 
MoOx layers showing improved VOC hence double junction-like behaviour, strong light 
absorption by the front cell hinders optical absorption in the rear cell resulting in low 
charge photogeneration in the rear active layer (Figure 5.16). Since the lowest photo-
current (2nd sub-cell) limits the tandem solar cell output according to Kirchhoff’s law, 
the JSC of the tandem cell is low. The JSC presented here for double junction solar cells 
are similar to the reports in the literature for tandem PSC using the same active layers 
for both 1st and 2nd sub-cells using ITO as an ICL.59  
Figure 5.15 (B) presents the JV plot in a semi-log scale in the dark for single 
junction PSCs and homo-tandem devices measured using (35 nm) TiOx and various 
thicknesses of MoOx. For single junction PSCs, the shunt and series resistances (RSH 
and RS) were 510 and 14 Ω cm-2, respectively, as already mentioned above in Section 
5.3.1.2. The calculated RSH and RS for homo-tandem PSC using (35nm) TiOx/(2.)MoOx 
were 280 and 280 Ω cm-2, respectively, while the RS and RSH of homo-tandem PSC with 
(35nm)TiOx/(4.5nm)MoOx ICL were 280 and 470 Ω cm-2. For (35 nm) TiOx/(6.0 nm) 
MoOx ICL device, the RSH and RS were 310 and 800 Ω cm-2, respectively. Increasing 
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MoOx further (7.0 nm), the RSH and RS were 540 and 1630 Ω cm-2, respectively. 
Generally, homo-tandem PSCs showed significantly increased RS compared with single 
junction PSC, due to the added resistance of the ICL. Homo-tandem PSCs with 35nm 
MoOx showed similar to higher average RSH compared with single junction PSC (except 
the thinnest MoOx layer with 2.8 nm thickness). Generally, lower current densities were 
recorded at the same applied voltage, more prominently at large positive biases, which 
was consistent with the overall increase in the resistance upon incorporation of the TiOx 
/ MoOx ICL. A small (150 to 200 mV) VOC was observed in the dark as already 
mentioned above, which can be attributed to charge accumulation at the interfaces due 
to long-lived charge trap states; that were more prominent with increasing MoOx 
thickness thus suggesting that the origin of the traps was in the MoOx layer. 
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Figure 5.15 JV characteristics of homo-tandem PSCs using (35 nm)TiOx/MoOx as ICL:  (A) measured under 
calibrated 100 mW cm-2 , AM 1.5 white light illumination, and (B) measured in the dark. 
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Figure 5.16 shows the photocurrent decreasing in the 2nd sub-cell from partial light absorption in the 1st sub-cells. 
(ii) 28 nm TiOx / various thicknesses of MoOx 
Figure 5.17 compares the JV characteristics obtained for homo-tandem PSCs 
fabricated using a thinner (28 nm) TiOx and MoOx as an ICL. Figure 5.17 (A) was 
measured under calibrated 100 mW cm-2 white light illumination and (B) was measured 
in the dark. The homo-tandem PSCs with a thinner ICL TiOx (28 nm)/MoOx shows a 
similar trend to using the thicker 35 nm TiOx. The use of 28 nm TiOx together with 2.8 
nm MoOx in homo-tandem PSC resulted in an average VOC of 860 mV and short circuit 
current of 3.0 mA cm-2. The FF was slightly lower (0.25) resulting in a lower PCE of 
0.65 %.  Incorporating a 28 nm thick TiOx and 4.5 nm MoOx layer afforded an 860 mV 
VOC, while the JSC decreased to 2.8 mA cm2. The FF and PCE further decreased to 0.22 
and 0.53 % respectively. On increasing the MoOx thickness to 6.0 nm, the devices 
showed higher average VOC (by 30 mV), with lower average JSC of 2.7 mA cm-2 and FF 
of 0.22, resulting in PCE of 0.52 %. Increasing the MoOx thickness further to 7.5nm, the 
VOC of the device increased by a further 50 mV and reaching 940 mV on average, while 
lowering the JSC to 2.7 mA cm-2 and the FF to 0.20, resulting in a low PCE of 0.50 %. 
The main differences between using 28 nm TiOx as opposed  to using 35 nm TiOx were 
observed in the lesser improvement in the VOC, but higher JSC, resulting in almost double 
the PCE when thicker MoOx layers were used. 
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Similar to the above (i), the higher VOC obtained when using thicker MoOx (7.5 
nm) may be an indication of the formation of a double junction solar cell. Charge 
accumulation at the MoOx layer / TiOx layer resulted a small (but measurable) VOC in 
the dark. S-shaped JV curves were also present for all MoOx thicknesses, due to the 
presence of a charge carrier extraction barrier at the ICL and / or charge 
accumulation.56,57,60 The added resistance of the ICL increased the Rs (low current 
density at +1.5V) as seen in the dark JV in Figure 5.17(B). Moreover, the JSC is lower 
compared with the single junction PSC (about 17%), possibly due to removal of 
PC[71]BM and the limiting of the JSC by the second sub-cell as already explained. 
Figure 5.17 (B) presents the semi-log plot of JV characteristic of single junction 
PSC and homo-tandem device fabricated using (28 nm) TiOx and various thicknesses of 
MoOx measured in the dark. Generally, both RS and RSH were lower when using thinner 
TiOx layers, consistent with expectations of lower overall resistance due to the thinner 
TiOx. 
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Figure 5.17 JV characteristics of homo-tandem PSCs using (28 nm)TiOx/MoOx as ICL: (A) measured under 
calibrated 100 mW cm-2 , AM 1.5 white light illumination, and (B) measured in the dark. 
 
(iii) 21 nm TiOx / various thicknesses of MoOx 
Figure 5.18 (A) shows the JV characteristics of homo-tandem PSCs fabricated 
using 21 nm thick TiOx layer with different thicknesses of MoOx, measured under 100 
mW cm-2 calibrated white light. The JV curve of a single junction PSC is also shown. 
Reducing the TiOx thickness further to 21 nm resulted in largely similar trends as above 
in (i) and (ii), with an overall increase in the JSC, FF, and PCE compared with using 
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thicker TiOx layers. Utilizing a 21 nm TiOx layer and a 2.8 nm MoOx layer as an ICL 
led to an average VOC of 840 mV. The short circuit current was 5.30 mA cm-2, the FF 
was 0.44, and the PCE was 2.0%. Increasing the MoOx thickness to 4.5 and further to 
6.0 nm resulted in decreasing the average JSC to 4.7 and 3.5 mA cm-2, respectively. The 
FF decreased to 0.38 and 0.27 while the PCE also decreased to 1.5% and 0.85%, 
respectively. Increasing the MoOx thickness to 7.5 nm led to an average VOC of 990 mV. 
The JSC was 2.8 mA cm-2, FF was 0.24, and the PCE was 0.70%. The increase in the 
VOC may indicate the formation of a double junction solar cell using the thicker MoOx. 
This combination of thicknesses is the best performance for the various TiOx and MoOx 
thicknesses trialled. Interestingly, following the argument above, thinner TiOx may be 
able to reduce the charge accumulation at the TiOx, as, indicated by the larger JSC. It can 
be noted that the JSC is still only half that of the single junction device, so some 
dissolution of the PC[71]PM or penetration of 2nd active layer may still have occurred.  
The increase in VOC to 1 V is very promising, showing that the MoOx layer can at least 
partially fulfil the role of ICL in homo-tandem polymer solar cells in combination with 
TiOx. The low JSC and FF, however, can be attributed to possible changes to the blend 
composition, the low JSC of the second sub-cell due to low light intensity reaching this 
layer, and deep electronic traps at the ICL interface. The latter is indicated by the s-
shape JV curve and the small VOC that was measurable for up to several minutes after 
turning off the light as shown in Figure 5.18 (B).  Using thinner MoOx layers, the RS 
and RSH are closer to the values of the single junction devices. Using thicker MoOx 
layers, the RS and RSH both increased as expected. 
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Figure 5.18 JV characteristics of homo-tandem PSCs using (22 nm)TiOx/MoOx as ICL:  (A) measured under 
calibrated 100 mW cm-2 , AM 1.5 white light illumination, and (B) measured under dark. 
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Table 5.5 – Average photovoltaic performance of homo-tandem PSC using TiOx/MoOx as an ICL. 
 
 
 
 
 
 
 
 
 
 
 
Solar cell 
type 
ICL composition Average photovoltaic parameters 
RSH 
Ωcm-2 
RS 
Ωcm-
2 
Number 
of 
average 
EIL HIL 
VOC 
(mV) 
JSC  
(mA cm-2) 
FF PCE 
(%) 
Single 
junction 
none None 870 
(30) 
11.8 
(0.4) 
0.52 
(0.02) 
5.3 
(0.40) 
510 
(140) 
14 
(2) 
16 
Homo-
tandem 
35 nm 
 TiOX 
2.8 nm  
MoOX 
850 
(10) 
3.3 
(0.35) 
0.25 
(0.04) 
0.7 
(0.20) 
280 
(40) 
280 
(100) 
8 
4.5 nm  
MoOX 
870 
(10) 
2.8 
(0.27) 
0.22 
(0.02) 
0.53 
(0.06) 
280 
(20) 
470 
(180) 
8 
6.0  nm  
MoOX 
890 
(30) 
2.4 
(0.28) 
0.19 
(0.01) 
0.39 
(0.05) 
310 
(50) 
800 
(230) 
6 
7.5 nm  
MoOX 
970 
(30) 
1.8 
(0.40) 
0.18 
(0.02) 
0.34 
(0.10) 
540 
(130) 
1630 
(940) 
6 
Homo-
tandem 
28 nm  
TiOX 
 
2.8  nm  
MoOX 
860 
(10) 
3.0 
(0.3) 
0.25 
(0.01) 
0.65 
(0.09) 
250 
(20) 
330 
(40) 
8 
4.5 nm  
MoOX 
860 
(10) 
2.8 
(0.2) 
0.22 
(0.01) 
0.53 
(0.05) 
290 
(30) 
250 
(50) 
8 
6.0  nm  
MoOX 
890 
(10) 
2.7 
(0.2) 
0.22 
(0.01) 
0.52 
(0.06) 
290 
(10) 
410 
(90) 
8 
7.5nm  
MoOX 
940 
(0) 
2.7 
(0.20) 
0.20 
(0.01) 
0.50 
(0.09) 
340 
(20) 
740 
(120) 
6 
Homo-
tandem 
21 nm  
TiOX 
2.8 nm  
MoOX 
840 
(10) 
5.3 
(0.3) 
0.44 
(0.03) 
2.0 
(0.14) 
690 
(120) 
60 
(10) 
8 
4.5 nm  
MoOX 
850 
(10) 
4.70 
(0.3) 
0.38 
(0.05) 
1.50 
(0.25) 
600 
(200) 
90 
(30) 
6  
6.0  nm  
MoOX 
890 
(20) 
3.5 
(0.4) 
0.27 
(0.02) 
0.85 
(0.13) 
370 
(30) 
240 
(60) 
8 
7.5nm  
MoOX 
990 
(10) 
2.9 
(0.40) 
0.24 
(0.02) 
0.70 
(0.16) 
470 
(40) 
590 
(160) 
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Figure 5.19 Comparison of performance parameters of PSCs as a function of TiOx/MoOx interconnecting layer 
thickness, where:  (A) open circuit voltage, (B) short circuit current, (C) fill factor, efficiency, and (D) power 
conversion. 
Figure 5.19 and Table 5.5 summarizes the photovoltaic performance (VOC, JSC, 
FF, PCE) parameters of PSCs as a function of TiOx/MoOx interconnecting layer 
thickness. Comparing the PSCs with TiOx/MoOx, a thin TiOx layer (21 nm) in 
combination with thin MoOx (2.8nm) afforded parameters that suggest that it  acted like 
a single junction device with high JSC, and FF resulting in higher PCE, unlike the device 
using a thick TiOx film (35nm) as seen in Figure 5.19.  
When incorporating a thicker MoOx film thickness, the VOC was improved and 
behaved close to a tandem device. Also, an increasing MoOx film thickness reduced the 
JSC, and FF. However, increasing the MoOx film thickness slightly improved the VOC to 
almost 1 V, which is promising. A possible reason for the increase in VOC could likely 
have originated from the thickest MoOx layer (7.5nm) providing a better coverage on 
the TiOx ICL interface than the films prepared using a thinner MoOx layer (6 nm). Also, 
the thickest MoOx layer (7.5nm) could provide a better alignment of the work function 
at the ICL interface, resulting in the VOC increase. Thus, to achieve a higher 
photovoltage and photocurrent in homo-tandem PSC using TiOx/MoOx as an ICL, the 
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ICL requires further optimization. Furthermore, an s-curve appeared for all MoOx 
thicknesses. To improve the FF, the conductivity of the TiOx/MoOx need to be improved 
by chemical doping. 
5.3.3.5 Diode characteristic of TiOx/MoOx ICL. 
Figure 5.20 shows the JV characteristic of the diode device made from the 
TiOx/MoOx ICL. The inverse of the slope of the current – voltage curve representing the 
resistance is changing with increasing TiOx/MoOx thickness. The JV curves for the 
TiOx/MoOx diode are linear, indicating the formation of an ohmic contact in these 
devices. It is possible that the TiOx/MoOx ICL indeed provided an ohmic contact for the 
injection of electrons and / or holes. Another possibility is that there were electrical 
shorts between the HIL and EIL interfaces (see Figure 5.21), therefore the obtained JV 
would show behaviour similar to the MoOx material alone.  As seen in Figure 5.20, the 
slope of the JV curve increased as the MoOx thickness decreased. For example, using 
2.8 nm MoOx resulted in a higher slope compared with using 7.5 nm MoOx,. When the 
TiOx thickness was increased, the slope of the JV curve was slightly decreased as seen 
in Figure 5.20 (A), (B) and (C).  
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Figure 5.20 The J-V characteristic of the diode that was made from ICL. The ICL was constructed of a bilayer of 
various thickness TiOx and MoOx layer;where the ICL was made from: (A) (21nm)TiOx/MoOx, (B) (28 
nm)TiOx/MoOx, and (C) (35nm)TiOx/MoOx. 
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Figure 5.21 Possible reason for the linear current – voltage behavior; i.e. due to electrical shorts at the HIL and EIL. 
 
5.3.4 Homo-tandem PSC using PEI/MoOx as ICL.   
5.3.4.1 Optical absorption of the PEI/MoOx as ICL. 
Figure 5.22 shows the light transmission of the PEI/MoOx films deposited on a 
quartz slide (blue line, the % transmittance is shown on the left axis) and the normalized 
absorption spectrum (right axis) of the PCDTBT:PC[71]BM active layer for a  
comparison. The ICL shows high values of transmittance (80% and 92 %) over the 
majority of the absorption range of the PCDTBT:PC[71]BM films, which suggests that 
light absorption / reflection by the PEI/MoOx layer should not affect light absorption by 
the second active layer of the rear sub-cell. Changing the PEI/MoOx thicknesses from 
(13nm) TiOx/(6.0 nm) MoOx to (32nm) PEI/(6.0 nm) MoOx reveal that film 
transparency is very high (even when using thicker PEI layers) for the whole 
measurement range (350-800 nm).As shown in Figure 5.22, PEI does not have 
significant light absorption in the visible range . Thick MoOx (50 nm) shows increased 
light absorption in visible range so it is important to use thinner layers. Therefore, 
insertion of the ICL layer in a tandem cell is not expected to lead to large optical losses. 
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Figure 5.22 Transmission spectra of ICL of PEI/MoOx and normalised absorbance spectrum of 
PCDTBT:PC[71]BM. 
 
5.3.4.2 Solution barrier of the PEI/MoOx as interconnecting layer (ICL) during 
deposition of the second active layer.  
Similar to the TiOx/MoOx, the PEI/MoOx should have sufficient mechanical robustness 
to protect the front sub-cell from dissolution during the deposition of the 2nd sub-cell. 
To test the ability of the ICL (PEI/MoOx) against the dissolution of the underneath 
active layer when depositing the 2nd sub-cell, a treatment by 1,2-dichlorobenzene 
(ODCB) solution was used as previousely; noting that the treatment with 1,2-
dichlorobenzene (ODCB) would be more severe than the typical active layer solution 
deposition conditions as already explained in n Section 5.3.2.  
Figure 5.23 presents the UV-vis absorption of the 
quartz/PCDTBT:PC[71]BM/ICL prior and after treatment with ODCB. Figure 5.23 (A) 
shows that treating the active layer with 1,2-dicholorobenzene (ODCB) resulted in 
changes in the optical absorption of the active layer similar to Section 5.3.2.  
 
 
198  
 
The absorption spectra of the active layer after the ODCB treatment shows 
weaker absorbances at both the first and second peak 0.061 and 0.064, respectively. 
    
 
Figure 5.23 UV-vis absorption of PCDTBT:PC[71]BM as an active layer prior and after ODCB treatment:  (A) 
Active layer only, and (B) Active layer coated with PEI/MoOx. 
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Similar to Section 5.3.2.3, the active layer was dissolved when using ODCB as a 
solvent. The changes in the UV-vis absorption spectra suggests that PC[71]BM was 
removed from the active layer. The absorption of the active layer films prepared with a 
PEI/MoOx as ICL (Figure 5.23 (B)) showed similar results to using no ICL; with 
changes in absorbance values and shifts in the peak positions at the 1st and 2nd peaks 
(400 nm and 580 nm, with absorption values of 0.13 and 0.133 respectively). These 
results suggest that the PEI/MoOx ICL may not be dense or thick enough to completely 
protect the underneath active layer during the spin coating condition. In addition, even 
when increasing the MoOx thickness to 50 nm, the ICL was still not sufficiently robust 
to protect the underneath layer. But there is some protection.  
5.3.4.3 Device performance of homo-tandem PSC which using PEI/ MoOx as 
interconnecting layer.  
To investigate the effect of the thickness of both electron (PEI) and hole (MoOx) 
interfacial layers as an ICL, the thickness of both EIL and HIL layers were varied, and 
the photovoltaic performance evaluated and compared with single junction devices. 
Table 5.6 summarizes the photovoltaic performance (VOC, JSC, FF, PCE current, RSH, 
and RS) of PSCs. The device parameters were averaged based on data of 16 devices for 
single junction PSC and 8 (sometimes 7) devices for homo-tandem PSC, see last 
column of the table. 
(i) 32 nm PEI / various thicknesses of MoOx 
Figure 5.24 (A) shows JV characteristics, measured under a calibrated 100 mW 
cm-2 white light, of single junction PSC and the homo-tandem PSC devices obtained for 
PSCs fabricated with 32 nm thick PEI and various thicknesses of the MoOx. The 
thickness of PEI layer was measured by using UV-Vis absorption (see Chapter 4). 
The average open circuit voltage (VOC) of the single junction PSC was 870 mV, 
the JSC is 11.8 mA cm-2, the FF is 0.52 and the PCE is 5.3%. This is the same data as 
shown in Table 5.1 above.  
Homo-tandem PSCs using 32 nm PEI and MoOx generally showed similar VOC, 
but lower JSC and FF. Using 32nm PEI in combination with 2.8 nm MoOx layer resulted 
in an average VOC of 860 mV, JSC of 3.5 mA cm-2, FF of 0.27, and PCE of 0.8 %. 
Increasing the MoOx thickness to 4.5 nm, similar VOC (860 mV) with slightly lower 
average JSC (by 0.8 mA cm-2) and lower FF (0.22), resulting in PCE of 0.52%, were 
obtained. Increasing the MoOx thickness to 6.0 nm, the devices showed VOC of 860 mV, 
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with average JSC of 2.0 mA cm-2 and FF of 0.22, resulting in PCE of 0.37%. Increasing 
the MoOx thickness further to 7.5 nm, the VOC of the device was 870 mV, while the JSC 
was even lower (0.5 mA cm-2), resulting in a much lower PCE of 0.09%.  
Unlike using TiOx in Section 5.23 (i), the VOC of the homo-tandem devices did 
not improve using this combination of 32 nm PEI/ MoOx compared with the single 
junction devices. Possible reasons are: (i) dissolution of the first active layer, most 
likely PC[71]BM during the deposition of the second active layer, preventing the 
formation of the recombination junction at the ICL; (ii) pin-holes and defects in the ICL 
leading to electrical shorts at the ICL, preventing the formation of the double junction 
solar cell; and (iii)  the work function of the MoOx did not align well with the HOMO of 
PCDTBT. The upward shift in the VOC especially when using thicker MoOx layers, 
could be attributed to accumulation of long-lived charge carriers due to the existence of 
long-lived charge trap states introduced by the ICL. With increasing MoOx thickness, a 
drop in JSC and small drop in FF leading to lower PCE was observed. 
Figure 5.24 (B) shows the JV plot in a semi-log scale in the dark for single 
junction PSCs, and homo-tandem device measured using (32 nm) PEI and various 
thicknesses of MoOx. For single junction PSCs, the RSH and RS were 510 and 14 Ωcm-2, 
respectively. The calculated RSH and RS for homo-tandem PSC using 
(32nm)PEI/(2.8)MoOx were 300 and 220 Ωcm-2, respectively, while the RS and RSH of 
homo-tandem PSC with (32nm)PEI/(4.5nm)MoOx ICL were 380 and 300 Ωcm-2. For 
(32 nm)TiOx/(6.0 nm) MoOx ICL device, the RSH and RS were 380 and 560 Ωcm-2, 
respectively. Increasing MoOx further (7.5 nm), the RSH and RS were 1200 and 2300 Ω 
cm-2, respectively Generally, homo-tandem PSC showed significantly increased RS 
compared with single junction PSC, due to the additional resistance of the ICL.  
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Figure 5.24 JV characteristics of homo-tandem PSCs using (32 nm)PEIx/MoOx as ICL:  (A) measured under 
calibrated 100 mW cm-2 , AM 1.5 white light illumination, and (B) measured in the dark. 
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(ii) 24 nm PEI / various thicknesses of MoOx 
Figure 5.25 compares the JV characteristics obtained for homo-tandem PSCs 
fabricated using a 24 nm PEI layer in combination with MoOx as an ICL. Figure 5.25 
(A) was measured under calibrated 100 mW cm-2 white light illumination and (B) was 
measured in the dark. The homo-tandem PSCs with a thinner ICL PEI (24 nm)/MoOx 
showed a similar trend compared to the thicker (32 nm PEI) ICL. 
 
Figure 5.25 JV characteristics of homo-tandem PSCs using (24 nm)PEIx/MoOx as ICL: (A) measured under 
calibrated 100 mW cm-2 , AM 1.5 white light illumination, and (B) measured in the dark. 
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The use of 24 nm PEI with 2.8 nm MoOx as an ICL in homo-tandem PSC 
resulted in an average VOC of 870 mV and short circuit current of 3.1 mA cm-2. The FF 
was 0.25 resulting in a PCE of 0.69 %. Incorporating a 24 nm PEI and 4.5 nm MoOx 
layer showed an 860 mV VOC, while the JSC decreased to 2.8 mA cm-2. The FF and PCE 
further decreased to 0.23 and 0.57 % respectively. Increasing the MoOx thickness to 6.0 
nm, the PSC showed slightly higher values VOC by 20 mV, with lower average JSC of 
2.4 mA cm-2 and FF of 0.23, resulting in a PCE of 0.38 %. Increasing the MoOx 
thickness further to 7.5 nm, the VOC of the device increased to 890 mV, but lowered the 
JSC to 2.0 mA cm-2 and FF to 0.24, resulting in a low PCE of 0.38 %. 
The higher VOC in thicker MoOx (7.5nm) may be attributed to charge 
accumulation at the PEI/MoOx layer. Therefore, the VOC of the device shifted to higher 
VOC due to additional built-in field measured in the dark. Also, an s-shaped JV curve 
appeared for thick MoOx thicknesses. This may be due to an additional charge 
extraction barrier at the ICL. It could be also due to the dissolution of PCBM near the 
ICL layer leading to charge generation/extraction problems. 
The addition of ICL led to high RS (low current density at +1.5V) as seen in the 
dark JV in Figure 5.25 (B). Moreover, the JSC was lower compared with the single 
junction PSC (only about 18-26%), possibly due to light absorption by the front cell as 
well as charge generation losses due to loss of PCBM. 
Similar to using thick PEI in Section 5.23 (i), the VOC of the homo-tandem 
devices did not improve when using 24 nm PEI/ MoOx compared to the single junction 
devices. Possible reasons are similar to those when using 32 nm PEI and MoOx ICL, 
which include: (i) defects and pin-holes in the ICL leading to electrical shorts at the ICL 
that prevent the formation of the double junction solar cell; (ii) dissolution of the first 
active layer, possibly PC[71]BM during the 2nd active layer deposition, which prevented 
the formation of the recombination junction a the ICL ; (iii)  the work function of the 
MoOx did not align with the PEI. The slight increase in the VOC in thick MoOx layers 
(7.5 nm) could be due to an accumulation of long-lived charge carriers introduced by 
the ICL. 
Figure 5.25 (B) shows the semi-log plot of JV characteristic of single junction 
PSC and homo-tandem device fabricated using 24 nm PEI layer and various thicknesses 
of MoOx measured in the dark.  For single junction PSC, the shunt and series resistances 
(RSH and RS) were 510 and 14 Ω cm-2, as above. The homo-tandem PSC using 24 nm 
PEI with 2.8 nm MoOx as an ICL showed higher RS (16-52 times), and the RSH were 
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slightly lower (by 20-35%). Increasing the thickness of the MoOx to 4.5 nm, the RSH 
and RS remained similar to the case of using 2.8 nm MoOx ICL. Using a 6.0 nm MoOx, 
the RSH and RS was 330 and 360 Ω cm-2, respectively. Further increases in the MoOx 
thickness (to 7.5 nm) led to an increased the RS to 730 Ω cm-2 while the RSH remained at 
410 Ω cm-2. The increase in the RS may be attributed to the increased resistance due to 
the PEI/MoOx, and mainly originating from the additional resistance of the MoOx layer 
thickness. 
(iii) 13 nm PEI / various thicknesses of MoOx 
Figure 5.26 (A) shows the JV characteristics of homo-tandem PSCs fabricated 
using 13 nm PEI layer in combination with various thicknesses of MoOx layer, 
measured under 100 mW cm-2 white light illumination. The JV curve of a single 
junction PSC is also shown. Reducing the PEI layer thicknesses to 13 nm led to 
increased JSC, FF, and PCE, with similar VOC compared with using thicker PEI layer 
(32nm and 24nm PEI). Utilizing a 13 nm PEI layer and a 2.8 nm MoOx layer as an ICL 
led to an average VOC of 850 mV. The JSC was 5.30 mA cm-2, the FF was 0.44, and the 
PCE was 2.0 %. Increasing the MoOx thickness to 4.5 nm and further to 6.0 nm resulted 
in decrease of the average JSC to 4.8 and 3.5 mA cm-2, respectively. The FF decreased to 
0.39 and 0.28 while the PCE also decreased to 1.62% and 0.86%, respectively. 
Increasing the thickness of MoOx to 7.5 nm led to an average VOC of 880 mV. However, 
the VOC of the device using PEI and MoOx layer as an ICL did not increase and might be 
due to three possible reasons:  (i) dissolution of the 1st active layer or the penetration of 
the 2nd active layer during deposition preventing the formation of the recombination 
junction at the ICL, (based on work show in Figure 5.23, likely PC[71]BM was 
removed during the deposition of the 2nd layer); (ii) the work function of MoOx did not 
align with the HOMO of the PCDTBT; (iii) the electrical shorts at the ICL preventing 
the formation of the double junction solar cell due to the defects and pin-holes. 
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Figure 5.26 JV characteristics of homo-tandem PSCs using (13 nm)PEIx/MoOx as ICL:  (A) measured under 
calibrated 100 mW cm-2 , AM 1.5 white light illumination, and (B) measured under dark. 
 
Figure 5.26 (B) shows the JV characteristics of homo-tandem PSCs fabricated 
using 13 nm PEI layer with different thicknesses of MoOx, measured in the dark. The 
JV curves in the dark using 13 nm PEI/MoOx showed that the RS (current at +1.5V) 
increased as the MoOx thickness increased. The RS for the homo-tandem device using 
13 nm PEI and MoOx (2.8 to 4.5 nm) showed comparably higher RS to single junction 
PSC. The higher RS in thin MoOx layers (60-90 Ωcm-2) compared with a single junction 
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device may be due to the presence of the ICL which increases the series resistance. On 
increasing the MoOx thickness to 6.0 nm or 7.5 nm, the RS was increased due to a 
thicker more resistive MoOx film. However as seen in the dark JV, a small VOC was 
observed in the homo-tandem PSC in the dark, which can be attributed to charge 
trapping at the ICL interface as above, possibly influencing the VOC of the device 
measured under illumination. 
Table 5.6 – Average photovoltaic performance of homo-tandem PSC using PEI/MoOx as an ICL 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Note:    the number in the bracket is the standard deviation. 
 
 
Solar 
cell type 
ICL composition Average photovoltaic parameters 
RSH 
Ωcm-2 
RS 
Ωcm-2 
 
Average 
 number 
of 
devices 
EIL HIL 
VOC 
(mV) 
JSC  
(mA cm-2) 
FF PCE 
(%) 
Single 
junction 
none none 870 
(30) 
11.8 
(0.4) 
0.52 
(0.02) 
5.3 
(0.40) 
510 
(140) 
14 
(2) 
16 
Homo-
tandem 
32 nm 
PEI 
2.8 nm  
MoOX 
860 
(10) 
3.5 
(0.50) 
0.27 
(0.03) 
0.81 
(0.16) 
300 
(40) 
220 
(90) 
8 
3.8 nm  
MoOX 
860 
(10) 
2.7 
(0.30) 
0.25 
(0.03) 
0.52 
(0.09) 
300 
(60) 
380 
(150) 
8 
5.3 nm  
MoOX 
860 
(10) 
2.0 
(0.44) 
0.22 
(0.01) 
0.37 
(0.08) 
380 
(90) 
560 
(220) 
8 
7.5 nm 
MoOX 
870 
(20) 
0.50 
(0.10) 
0.21 
(0.01) 
0.09 
(0.02) 
1200 
(221) 
2300 
(480) 
7 
Homo-
tandem 
24 nm 
PEI 
2 nm  
MoOX 
870 
(20) 
3.1 
(0.4) 
0.26 
(0.02) 
0.69 
(0.13) 
300 
(40) 
230 
(60) 
8 
3.8 nm  
MoOX x 
860 
(10) 
2.8 
(0.3) 
0.23 
(0.01) 
0.57 
(0.09) 
260 
(20) 
320 
(50) 
8 
5.3 nm  
MoOX x 
880 
(10) 
2.6 
(0.2) 
0.24 
(0.02) 
0.54 
(0.04) 
330 
(60) 
360 
(60) 
8 
7.5 nm  
MoOX 
890 
(40) 
2.0 
(0.14) 
0.24 
(0.00) 
0.38 
(0.03) 
410 
(30) 
730 
(340) 
8 
Homo-
tandem 
13 nm 
PEI 
2.0 nm  
MoOX 
850 
(10) 
5.30 
(0.40) 
0.45 
(0.03) 
2.03 
(0.18) 
720 
(120) 
50 
(10) 
8 
3.8 nm  
MoOX 
860 
(60) 
4.80 
(1.1) 
0.39 
(0.09) 
1.62 
(0.09) 
500 
(200) 
170 
(180) 
8 
5.3 nm  
MoOX 
870 
(20) 
3.51 
(0.41) 
0.28 
(0.02) 
0.86 
(0.20) 
370 
(40) 
600 
(120) 
8 
7.5nm  
MoOX 
880 
(30) 
2.56 
(1.05) 
0.22 
(0.01) 
0.37 
(0.09) 
280 
(40) 
280 
(100) 
8 
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Figure 5.27 Comparison of performance parameters of PSCs  as a function of PEI:MoOx interconnecting layer 
thickness, where:  (A) open circuit voltage, (B) short circuit current, (C) fill factor, efficiency, and (D) power 
conversion efficiency. 
Figure 5.27 and Table 5.6 summarizes the photovoltaic performance parameters (VOC, 
JSC, FF, PCE) of PSCs as a function of PEI/MoOx interconnecting layer thickness. As 
seen in Figure 5.27, the homo-tandem PSC using PEI/MoOx as an ICL did not improve 
the VOC for any of the combinations of the PEI and MoOx. The JSC, FF, and PCE were 
affected by both PEI and MoOx thicknesses. Compared to the thickest PEI layer (32 
nm), a thinner PEI layer (13 nm) gave higher JSC and FF resulting in an increase in PCE.  
The JSC and FF obtained from a thick MoOx layer also showed the same trend as the PEI 
layer.Decreasing the MoOx thickness, the JSC and FF increased, which led to an increase 
PCE.  
It can be observed that the VOC of the homo-tandem solar cell using PEI/MoOx 
did not improve. Possible reasons may originate from: 
 (i) Dissolution of the 1st active layer, resulting in the loss of PC[71]BM during 
the deposition of the 2nd active layer. The lack of PCBM prevented the formation of the 
recombination junction a the ICL; 
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 (ii) pin-holes and defects in the ICL led to electrical shorts at the ICL 
preventing the formation of the double junction solar cell;  
(iii)  the work function of the MoOx did not align well with the HOMO of the 
PCDTBT. 
However, the observed slight upward shifts in the VOC, even using a thicker 
MoOx layer, could be attributed to accumulation of long-lived charge carriers from trap 
states within an ICL. 
5.3.4.4 Diode characteristic of the homo-tandem PSC using PEI/MoOx  
as an ICL. 
Figure 5.28 shows JV characteristic of the diode made using the PEI/MoOx 
layers. As mentioned above (Section 5.3.1.5 and 5.3.3.4), the slope of the JV curves 
varies with changing HIL or HIL thickness. The slope of the JV curve represents the 
resistance values of the ICL. For example, a higher inverse of slope corresponds to a 
lower resistance of the ICL film. The JV curve for the PEI/MoOx diode shows linear 
(ohmic) current-voltage behaviour. The slope of the JV curve is decreased as the 
thickness of the PEI layer is increased. However, there is a possibility that there were 
electrical shorts between the HIL and EIL interfaces (as seen in Figure 5.21), therefore 
the obtained JV would show behaviour similar to the MoOx layer alone.  As seen in 
Figure 5.28, the slope of the JV curve increased as the MoOx thickness decreased.   
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Figure 5.28 The J-V characteristic of the diode that was made from ICL of various thicknesses of PEI and MoOx 
layers:  (A) (32nm)PEI/MoOx, (B) (24 nm)PEI/MoOx, and (C) (13nm)PEI/MoOx. 
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5.3.5 Comparison of TiOx and PEI as the electron interfacial layer in novel 
solution processed ICLs using MoOx with TiOx or PEI as the electron 
interfacial layer, and TiOx or PEI with m-PEDOT:PSS as ICLs to increase 
the photovoltage. 
The ICLs for tandem PSC, are comprised of two interfacial layers stacked 
together by layer-by-layer deposition (EIL and HIL). In this thesis, two EILs were 
employed including metal oxide (TiOx) and polyelectrolytes (PEI). The previous 
chapter showed that the PEI layer had better mechanical robustness over the TiOx layer 
during the deposition of the 2nd active layer (Section 4.3.2 and 4.3.3 in Chapter 4). Also 
the work function of PEI has a better alignment with m-PEDOT:PSS. Thus, the VOC of 
the homo-tandem PSC using PEI and m-PEDOT:PSS as an ICL summed up to almost 
double similar to what was expected based on Kirchoft law. While, the homo-tandem 
PSC using TiOx and m-PEDOT:PSS as an ICL showed only slight improved VOC. 
Therefore, the device performance of five different structures are compared, including:  
homo-tandem PSC swhowing the bestperromance using (i) TiOx/MoOx, (ii) homo-
tandem PSC showing the best performance using PEI/MoOx ICL, (iii) homo-tandem 
PSC showing the best performance using TiOx/m-PEDOT:PSS, (iv) homo-tandem PSC 
showing the best performance using PEI/m-PEDOT:PSS ICL, and (v) single junction 
PSC. 
Table 5.7-Average photovoltaic performance of single junction PSC, homo-tandem PSC using TiOx/MoOx, using 
PEI/MoOx, TiOx/m-PEDOT:PSS  and PEI/m-PEDOT:PSS as an ICL 
Note:    the number in the bracket is the standard deviation. 
 
Solar cell type ICL composition Average photovoltaic parameters 
RSH 
Ωcm-2 
RS 
Ωcm-2 
EIL HIL VOC 
(mV) 
JSC  
(mA 
cm-2) 
FF PCE 
(%) 
Single junction PSC  
No 
 
No 
870 
(30) 
11.8 
(0.4) 
0.52 
(0.02) 
5.3 
(0.40) 
510 
(140) 
14 
(2) 
 
 
 
Homo-tandem PSC 
21 nm  
TiOx 
7.5 nm 
MoOx 
990 
(10) 
2.8 
(0.4) 
0.24 
(0.02) 
0.70 
(0.2) 
470 
(40) 
590 
(160) 
13 nm 
PEI 
7.5 nm 
 MoOx 
880 
(30) 
2.6 
(0.01) 
0.22 
(0.01) 
0.37 
(0.01) 
280 
(40) 
280 
(100) 
32 nm 
TiOx 
40 nm   
PEDOT:PSS 
1240 
(10) 
3.82 
(0.25) 
0.34 
(0.01) 
1.60 
(0.11) 
360 
(150) 
250 
(160) 
32 nm  
PEI 
60 nm 
-PEDOT:PSS 
1570 
(80) 
4.6 
(0.23) 
0.39 
(0.03) 
2.8 
(3.1) 
1300 
(460) 
380 
(90) 
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Figure 5.29 Comparison of JV characteristic of single junction PSCs, homo-tandem PSC using TiOx/MoOx and 
PEI/MoOx ICL, TiOx/m-PEDOT:PSS  and PEI/m-PEDOT:PSS as an ICL  
 
The device parameters of five type of PSC devices are listed in Table 5.7. Figure 
5.29 shows the comparison of the JV characteristics of the best performance homo-
tandem PSC using TiOx/MoOx, the best performance homo-tandem PSC using 
PEI/MoOx , the best performance homo-tandem PSC using TiOx/m-PEDOT:PSS 
thickness, the best performance homo-tandem PSC using PEI/m-PEDOT:PSS thickness, 
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and a single junction PSC. Where (A) is JV curve obtained from homo-tandem PSC 
under calibrated 100 mW cm-2 white light illumination, (B) JV curve plot in a semilog 
scale of homo-tandem PSC under calibrated 100 mW cm-2 white light illumination, and 
(C) the JV curve in semilog plot obtained from homo-tandem PSC in the dark. Due to 
the JSC and VOC of the homo-tandem devices using the two ICLs being very close to 
each other (it is difficult to see the difference), for better visibility, the data was re-
plotted in Figure 5.29 (A) and (B).   
A series connected homo-tandem PSC using TiOx/MoOx as an ICL could 
improve the VOC by 120 mV (Figure 5.29 (B)) compared with the single junction PSC, 
while leading to lower JSC (by 75 %, (Figure 5.29 (A)), and FF (by 55 %). The PCE of 
the homo-tandem PSC with TiOx/MoOx ICL showed a significantly lower PCE (from 
5.3 % to 0.70 %). While changing the MoOx with m-PEDOT:PSS, a series connected 
homo-tandem PSC showed an improvement in  VOC by 370 mV compared with the 
single junction PSC, with lower JSC (by 72 %, (Fig.5.23 (A)) and FF (by 35 %), and also 
a PCE of 1.6 %. 
Comparing between the series connected homo-tandem PSC using PEI/MoOx 
and single junction PSC, the VOC were similar (Figure 5.29 (B)), while the JSC was 
lower (by 80 %, Figure 5.29 (A)), and the FF (by 57%). The PCE of homo-tandem PSC 
using PEI/MoOx ICL showed a significant drop to 0.37 %. Changing the MoOx layer to 
the m-PEDOT:PSS, the homo-tandem PSC showed a significant increase VOC (by 690 
mV). In addition, replacing the MoOx with m-PEDOT:PSS also lowered the JSC (down 
by 61 %) and the FF (by 25%) resulting in a PCE of 2.8 %. 
The devices using TiOx/m-PEDOT:PSS or PEI/MoOx as an ICL, showed slightly 
higher VOC than the single junction PSC. As also seen in the dark JV, the VOC of both 
PSCs using TiOx/MoOx and PEI/MoOx as an ICL has shifted around 100 mV.  
Thus, both homo-tandem PSCs made from TiOx/MoOx or PEI/MoOx generated 
insufficient potential to drive the water splitting reaction (1.23V). 
The highest photovoltage obtained from TiOx/m-PEDOT:PSS was 1240 mV, the 
highest photovoltage obtained from the PEI/m-PEDPT:PSS was 1570 mV. Thus the 
most suitable homo-tandem PSC device for water splitting application is the homo-
tandem PSC using PEI/m-PEDOT:PSS as an ICL.  
As seen in Figure 5.29, the mechanical robustness of the ICL follows the order 
(from the best to the worst): PEI/m-PEDOT:PSS> TiOx/m-PEDOT:PSS> TiOx/MoOx> 
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PEI/MoOx, which referred to the overall performance indicating this is the most 
important factor to work on in the future. 
The ohmic-like behaviour of the ICL is also important and follows the order, 
from the closest to ohmic to non-ohmic: TiOx/MoOx> PEI/MoOx>PEI/ TiOx/m-
PEDOT:PSS >TiOx/m-PEDOT:PSS.  
Thus, it can be seen that the VOC of the homo-tandem PSC correlated with the 
ICL. Among the ICL combinations in this thesis, it was observed that the mechanical 
robustness and the Fermi level alignment at the ICL (the EIL and HIL) are important 
parameters affecting the performance of double junction solar cells. 
Furthermore, it is noted that the JSC obtained is usually lower than half that of 
the single junction device, so the reasons may originate as listed below. 
(i) The overlapping of the active layer absorption of 1st and 2nd sub-cells. 
Therefore the 2nd active layer had limited light transmission to the 1st layer, resulting in 
lowering of the JSC in the tandem PSC.  (ii) The dissolution and PCBM removal in the 
1st active layer during the 2nd active layer deposition, thus the morphology had changed 
leading to lowered JSC compared with a single junction PSC.  
(ii) Charge carrier extraction barrier and / or charge accumulation at the ICL are 
addition can lead to low JSC and FF in the tandem device compared with the single 
junction PSC. 
To improve the mechanical robustness of the ICL, a thick ICL layer is required, 
thus the EIL and HIL may need further optimization; such as thickness, annealing 
temperature. Also, the conductivity of EIL and HIL may need to be improved by doping 
of the MoOx and TiOx. 
5.4 Conclusion 
In this chapter, molybdenum oxide (MoOx) HIL was developed as an alternative 
PEDOT: PSS. A water-based MoOx solution was synthesised at room temperature by 
the simple mixing of ammonium hydroxide and molybdenum (VI) oxide as a precursor, 
and showed higher transparency than PEDOT:PSS using optimum thicknesses. Device 
optimization of the MoOx layer showed that the concentration leading to optimised 
thickness was 6 mg cm-3 (6.0 nm film thickness). 
The JSC difference is due to an error in the active area calculation using highly 
conductive PEDOT:PSS. Also, the FF obtained from the PSC using MoOx is less than 
PEDOT:PSS, which possibly originated from the higher resistance of the MoOx layer 
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leading to a lower Rs and FF. Thus, to develop this layer further needs more 
optimisation, as well as chemical doping which may help increase the conductivity of 
the MoOx layer.    
Therefore, it is concluded that the first aim of the chapter in developing a water-
based route to replace PEDOT:PSS was successful.   
Homo-tandem PSC devices have been fabricated by systematically varying the 
thicknesses of the HIL and EIL. The photovoltaic performance, JSC, FF, VOC of homo-
tandem PCS with ICLs prepared using MoOx in combination with: (i) TiOx and (ii) PEI, 
with the aim of increasing the open circuit voltage of the PSC was systematically 
investigated.   
In the fabrication of the ICL, the MoOx is found to be compatible with both the 
active layer/TiOx surface and the active layer/PEI surface; as seen from the contact 
angle measurements.    
The active layer solution barrier of two ICLs was also investigated. The ICL 
constructed using TiOx/MoOx or PEI/MoOx showed a poor solvent barrier properties 
towards ODCB treatment, indicating that contrary to PEDOT:PSS based ICLs, solution 
deposited MoOx layers in ICLs were not robust enough to prevent the dissolution of the 
first active layer during the deposition of the second sub-cell.  The possible 
consequence of this was discussed as leading to reduced PCBM content near the ICL 
which in turn led to lower charge generation and resistive junction and s-curve. 
Both ICLs have high optical transparency (above 88 %T) which is an advantage 
over PEDOT:PSS.   
Both homo-tandem device PSCs, particularly using TiOx in combination with 
MoOx, showed increases in the VOC:   by 90 mV (TiOx ) and 20 mV (PEI), respectively.  
However, the highest VOC of TiOx/MoOx or PEI/MoOx as ICL in homo-tandem PSC 
was insufficient to drive the water splitting reaction.  
The origin of the increase in the VOC may be from the thicker MoOx layer having 
a better surface coverage on the thin TiOx surface and, therefore, ohmic behaviour was 
starting to be formed.  
However, the total thickness of the ICL used here was very thin (about 40 nm 
for the maximum thickness) and may not be of sufficient thickness to protect the 1st 
active layer. Thus, it is possible to improve the mechanical robustness of the ICL by 
improving the MoOx thickness and simultaneously increase the conductivity by doping.    
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The fabricated homo-tandem PSC with TiOx/MoOx or PEI/MoOx usually 
showed JSC less than 50% of the single junction PSC value. One of the possible reasons 
for this was the lack of light absorption in the 2nd sub-cell due to light absorption by the 
first sub-cell which limited light transmission to the 2nd sub-cell beneath, which 
consequently limited the current output of the tandem PSC.  
Furthermore, it was noted that the JSC depended on the thickness of the MoOx 
layer. When using very thin MoOx layer (2.8 nm) incorporated with TiOx or PEI, the 
current was slightly less than 50% of values of the single junction solar cell. By 
increasing the MoOx thickness, the JSC decreased and an s-kink appeared. The possible 
reason for this was the higher resistance of the thicker MoOx film as seen in the increase 
of the RS and the lack of formation of an ohmic junction at the ICL. 
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CHAPTER 6 
THE EFFECT OF ELECTRON AND HOLE 
INTERFACIAL LAYERS ON WORK FUNCTION 
ALIGNMENT AND CHARGE RECOMBINATION 
IN POLYMER SOLAR CELLS 
6.1 Introduction  
High performance polymer solar cells (PSC) are often made from a conjugated 
polymer (electron donor) and fullerene (electron acceptor) blend as an active layer. The 
active layer is sandwiched between conductive electrodes and includes a transparent 
conducting electrode as an anode and a metal as a cathode (e.g. aluminium). Also, PSCs 
often include either one or two interfacial layers between the electrical contacts and the 
active layer.1-3 The typical roles of the interfacial layers are to: 
 
(i) reduce charge recombination at the electrode interface, 2,4-7   
(ii) adjust the electrodes’ work functions,6,8  
(iii) enhance the selectivity of electron and hole extraction of the electrode,2,5  
(iv) tune the device’s optical electromagnetic field via the optical cavity 
effect.9,10   
In addition, by changing the work function of the electrodes, charge injection at 
the electrode interface can also be influenced.  
6.1.1 The effect of interfacial layers on power conversion efficiency. 
The solar to electrical PCE is determined by three main parameters including the 
open circuit voltage (VOC), the short-circuit current density (JSC), and fill factor (FF). In 
this section, the effects of using interfacial layers to influence these parameters through 
altering the charge recombination kinetics and / or influencing the work function 
alignment at the electrodes are introduced. 
(i) Charge collection efficiency influencing JSC and FF. 
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Poor charge carrier collection leads to low JSC and FF; thus, the overall device 
efficiency is low. Under light illumination, charge carriers (electrons and holes) are 
generated within the active layer and diffuse to the electrode interfaces. To understand 
how interfacial layers influence surface recombination and thus affect the JSC and FF is 
an interesting research question that has not been systematically investigated to date.  
The charge carrier collection efficiency is related to the distance charge carriers 
travel before they recombine. Under short circuit conditions, the photocurrent response 
is dominated by charge carrier drift.11 Efficient charge carrier collection requires a long 
charge carrier drift length (much longer than the device thickness). Closer to open 
circuit condition, where the transport is dominated by diffusion, a long diffusion length 
is required for high collection efficiency and thus high FF.   
To achieve high PSC efficiency, the charge collection efficiency should be close 
to 100%; which means that charge carrier drift/diffusion length should be much longer 
than the active layer thickness.12,13 The charge carrier collection efficiency 𝜂𝐶𝑂𝐿𝐿 can be 
calculated using Equation 6.1: 
𝜂𝐶𝑂𝐿𝐿 =
tanh (
𝑑
𝐿
)
𝑑
𝐿⁄
× 100      Eq.6.1 
Where d is the active layer thickness (m), L is the diffusion length (m). The 
diffusion length L can be calculated as 
 𝐿 = (𝐷τ)1/2                 Eq.6.2 
where D is the diffusion coefficient (m2/s) and τ is the charge carrier lifetime (s).  
Charge carrier lifetime can be determined from Eq. 6.3 and 6.4 by measuring the 
charge density decay over time.      
(
𝑑𝑛
𝑑𝑡
) = −𝛽𝑛𝑝 = −𝛽𝑛2    Eq.6.3 
Where 𝛽 is the bimolecular recombination coefficient, n and p are the charge 
carrier densities of the electrons and holes. 
In undoped semiconductors, it is assumed that the charge carrier density of holes (p) is 
equivalent to that of electrons (n).  
Charge carrier lifetime (τ) can be calculated from the charge density decay 
obtained by charge extraction measurements according to Equation 6.4:   
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𝜏 = −𝑛 (
𝑑𝑛
𝑑𝑡
)
−1
=
1
𝛽𝑛
    Eq.6.4 
Charge carrier lifetime will be determined in this chapter and correlated with 
using various interfacial layers developed in Chapters 3 to 5, in order to investigate the 
roles of TiOx, PEI and MoOx interfacial layers in affecting surface recombination and 
device Jsc and FF. 
(ii) The effect of interfacial layers on charge density and work function 
alignment influencing the VOC. 
The open circuit voltage (VOC) of organic solar cells is directly related to the 
difference in the quasi-fermi level under illumination at the anode (𝐸𝐹𝑝) and at the 
cathode (𝐸𝐹𝑛). Equation 6.5 can be used to describe the VOC, showing that the Voc is 
determined by the effective semiconductor gap and the voltage losses at the cathode( 
𝜑𝑝) and anode (𝜑𝑛) side due to the mismatch of electrode work functions and the 
energy levels of the semiconductor. 
𝑞𝑉𝑂𝐶 = 𝐸𝐹𝑛 − 𝐸𝐹𝑝 = 𝐸𝑔 − 𝜑𝑝 − 𝜑𝑛     Eq.6.5 
 
One strategy to increase the VOC is to reduce 𝜑𝑝 and anode 𝜑𝑛. If 𝜑𝑝 and 𝜑𝑛 are 
small due to perfect alignment of the contact work function and the materials energy 
levels, the open circuit voltage of PSCs is related to the highest occupied molecular 
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) energies of the 
donor and the acceptor, respectively. The following empirical relationship has been 
suggested: 14,15 
𝑉𝑂𝐶 = (
1
𝑞
) (|𝐸𝐷𝑜𝑛𝑜𝑟𝐻𝑂𝑀𝑂| − |𝐸𝑃𝐶𝐵𝑀𝐿𝑈𝑀𝑂|) − 0.3 𝑉  Eq.6.6 
Where q is the elementary charge. The value of |𝐸𝐷𝑜𝑛𝑜𝑟𝐻𝑂𝑀𝑂| − |𝐸𝑃𝐶𝐵𝑀𝐿𝑈𝑀𝑂| is 
often referred to as the effective gap Eg of the donor / acceptor semiconductor blend. 
The value of 0.3 V in Equation 6.6 is an empirical factor. The physical origin of this 
value is still unclear. 14,16-19 Under light illumination, the magnitude of fermi level 
splitting within the donor/acceptor heterojunction depends on the balance between 
charge generation and charge recombination, which determines charge density. So, 
charge density affects the VOC and device efficiency. 
Maurano et al. reported that charge carrier lifetime was an important parameter 
influencing the VOC.17 Other reasons for the lower than expected values of VOC are:  the 
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presence of large dark current (low shunt resistance),14 and band bending at the 
contacts.20  
In further detail, in addition to the effective gap of the semiconductor, the VOC is 
determined by the density of states distribution described by the effective slope of the 
tails states (σeff ) and the effective in-gap charge density Neff as suggested by Elliott et al. 
21 (Equation 6.7): 
𝑉𝑂𝐶 =
𝐸𝑔
𝑞
−
𝜎𝑒𝑓𝑓
𝑞
𝑙𝑛
𝑁𝑒𝑓𝑓
2
𝑛𝑝
                                      Eq.6.7 
Using charge extraction measurements on the microsecond to millisecond 
timescale, Neff has the same meaning as n in Eq. 6.3, as most of the extracted charges are 
localized within the semiconductor band on this time scale. 
In summary, there are three possible influences of interfacial layers on the VOC: 
(i) change in charge carrier density Neff due to a change in recombination 
kinetics; 
(ii) change of the mismatch between the work function of the electrodes and 
materials energy levels (𝜑𝑝and 𝜑𝑛) ;   
(iii) change in charge trap distribution σeff . 
Figure 6.1 (A) shows the VOC as a function of charge carrier density following 
the logarithmic relationship of Eq. 6.6 (VOC vs. ln(n)). The three possible influences of 
interfacial layers on VOC are schematically illustrated below: 
i) If Neff (=n) changes due to reduced surface recombination, the VOC vs 
ln(n) plot does not change, simply higher n leads to higher Voc (Figure 
6.1(A)). 
ii) Work function change influences the value of maximum VOC and 
results in the shift of the VOC vs ln(n) along the y axis (Figure 6.1(B)). 
iii) Changing the trap density and distribution changes the slope of the 
VOC vs ln(n) plot (Figure 6.1(C)). For example, if there are fewer traps, 
the same charge density leads to larger VOC because a larger portion of 
the charge density will occupy electronic states with higher energy, 
leading to increased Fermi level. 
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Figure 6.1 Illustration of the three influences on the VOC, plotted on a VOC versus log charge carrier density (log (n) 
plot): (A) the case of reduced surface recombination ; (B) work function shift; (C) changing trap density and 
distribution.  
 
Many research groups have demonstrated that the use of an interfacial layer can 
improve the solar cell device efficiency.  In the literatures, using a suitable interfacial 
layer (work function) usually improved the JSC and FF.6,9,22,23 On the other hand, in 
many literatures, using a suitable interfacial layer can improve the FF and VOC.6,24 An 
imperfect surface coverage of the interfacial layer can be the cause of lower device 
parameters (especially FF) while maintaining the same VOC.25 
Current-voltage measurement together with work function measurement are 
usually used as tools for studying the effect of work function shifts on increasing the 
PSC performance. However, combination of these two techniques still cannot 
distinguish the effect of work function from that of reduced surface recombination on 
changing of the VOC and FF in PSC devices. Also, the measurement of work function 
alone could not be directly related to changes in the PSC performance under real 
operating conditions.   
Transient techniques such as transient photovoltage (TPV) and current (TPC) are also 
usually employed to study the effect of the charge recombination kinetics in PSC.26-29 
However, distinguishing of the effects of changing the work function and increasing the 
charge carrier density on increasing the VOC experimentally has not been introduced yet. 
Thus, in this chapter, a combination of charge extraction and photovoltage decay used 
to study the effect of work function change and increase in charge carrier density on 
increases in VOC and FF is introduced.  
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6.1.2 Time resolved charge extraction (TRCE) 
In order to measure charge density and lifetime, charge extraction techniques 
have been used. The technique is briefly introduced here. 
 
Charge extraction measurements without delay time  
In 2000, Duffy et al.30 reported a “Charge Extraction” (CE) technique to study kinetics 
of charge recombination and material energy levels for dye-sensitized solar cells 
(DSSCs). Eight years later (2008), the CE technique was applied to PSC based on the 
bulk-heterojunction structure by Shuttle et al.31  A PSC device was connected in series 
with a switch. When the switch was open, the PSC was held under open circuit 
conditions under continuous light illumination. Then the light was turned off, and the 
switch was closed (short circuit) at the same time which allowed the measurement of 
transient current (extracted charge). The integration of the transient current over the 
time afforded the charge density. CE measurement was performed at various light 
illumination intensities corresponding to different VOC, thus plotting the VOC versus 
charge density allowed the determination of materials energy levels and trap distribution 
(Figure 6.1(A), (B) and (C)). 
 
Charge extraction measurements with a delay time  
The CE measurement of Shuttle et al. can also be performed by applying a delay time 
between turning off the light and turning on the switch. In this case, charge carriers 
recombine within the period of turning off the light illumination and closing the switch. 
Therefore, the extracted charge represents charge carriers that survive charge 
recombination during the delay time. By plotting the extracted charge density as a 
function of delay time, charge recombination lifetime can be obtained. By measuring 
VOC decay, the relationship between charge carrier density and VOC can be 
established.11,31,32 This technique is implemented in this thesis. 
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6.1.2.1 Time resolved charge extraction (TRCE): the experimental setup 
 
 
Figure 6.2 Experimental setup of time resolved charge extraction with a nanosecond switch. 
 
The charge extraction setup used in this thesis can be divided into five main 
components as shown in Figure 6.2: 1) the light source, 2) the sample (solar cell), 3) the 
digital oscilloscope (Tektronics, DPO4054), 4) the time delay generator with a trigger, 
and 5) the nanosecond switch.  
A laser was used as a light source to illuminate a solar cell device. The light 
source used in this thesis was a Nd:YAG laser with a 6-10 ns pulse width.  
An oscilloscope was used to measure the transient current from the solar cell 
device. 
A time delay generator was used to control a delay time between the laser pulse 
and turning a nano-second switch off and on.  
The charge extraction process began with the laser irradiating the solar cell. 
During the laser pulse, charge carriers were generated and accumulated within the PSC 
device at the open circuit condition (switch open (2.2 Mohm)).  A delay generator was 
used to adjust the delay time between the laser pulse and the closing of the switch. The 
closing of the switch (50 Ω) resulted in an extraction current transient (Figure 6.3 (C)). 
The transient current signal was recorded by a digital oscilloscope. The dark capacitive 
and switch noise response were subtracted to obtain the photocurrent transient 
component. The current transient was calculated from the measured voltage multiplied 
by the oscilloscope resistance (50 Ω) used during the charge extraction. The number of 
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charge carriers were obtained by integrating the current transient according to Equation 
6.7:  
𝑄𝑒𝑥𝑡𝑟𝑎𝑐𝑡 = ∫ 𝐼(𝑡)𝑑𝑡
𝑛
𝑡0
                    Eq.6.7 
The current transient was integrated until all charges were extracted, which was 
indicated by the current dropping to close to 0 (tn, see Figure 6.3 (C). 
 
Figure 6.3 Working principle of the time resolved charge extraction measurement with nanosecond switch. Where (A) 
is the switching process and time delay setting during the charge extraction experiment, (B) switching signal during 
charge extraction experiment, and (C) current transient  signal during charge extraction experiment. 
 
6.1.3 Purpose of the chapter and methodology 
The previous chapters (Chapters 3 and 5) showed that the insertion of interfacial 
layers improved the device performance of single junction PSC. Specifically, it was 
found that: 
 (i) Inserting TiOx-PEI electron interfacial layer improved the PSC performance 
of PCPDTBT:PCBM solar cells containing a PEDOT:PSS hole interfacial layer from 5 
to 6 %. The biggest change was the increase in the average VOC from 822 mV to 890 
mV, while the JSC remained similar at 11 mA cm-2. The FF was increased from 0.53 to 
0.58. It was suggested that the origin of the increased VOC could be related to work 
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function alignment and / or reduced surface recombination leading to increased charge 
density.  
 
1. The first aim of this chapter is to understand the possible contributions of 
these two effects by using charge extraction measurements. 
 
(ii) In chapter 5 it was found that a solution processed MoOx layer from water 
can be used instead of PEDOT:PSS as a HIL in PSC. Under optimised conditions, the 
device VOC was the same as the PEDOT:PSS devices, while the Jsc remained similar at 
11 mA cm-2. The major difference was the decrease in the average FF from 0.53 to 
0.47. By adding TiOx-PEI electron interfacial layer, the device efficiency further 
increased to 5% due to the increased VOC (to 890 mV). The FF remained lower 
compared with the PEDOT:PSS / TiOx-PEI device (0.51 and 0.58, respectively). The 
decreased FF could be attributed to increased series resistance of the MoOx layer 
compared to PEDOT:PSS. In addition, shorter diffusion length brought about by shorter 
charge carrier lifetime according to Eq. 6.2 could also contribute to lower FF.  
2. The second aim of this chapter is, therefore, to determine charge carrier 
lifetime in the best performing devices using MoOx hole interfacial layer and TiOx-PEI 
electron interfacial layer and compare with that of using PEDOT:PSS and TiOx-PEI. 
(iii) Further questions not yet answered in the literature arise from the studies of 
HIL and EIL for polymer solar cells: 
• What is the main effect (work function alignment or changing surface 
recombination) of inserting PEDOT:PSS hole interfacial layer in 
polymer solar cells compared with using only bare ITO electrodes?  
 
3. Answering this question using charge extraction measurements is the third 
aim of this chapter. 
 
• Can the well-known beneficial effects of using PEDOT:PSS hole 
interfacial layer be substituted by using an electron interfacial layer 
instead? This would have the benefit of fabricating PEDOT:PSS free 
solar cells, which should be advantageous since PEDOT:PSS tends to 
be hygroscopic and acidic. Therefore, removing PEDOT:PSS may 
improve device stability. 
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4. The fourth aim of the chapter is to use charge extraction measurements to 
investigate the difference in work function change / recombination kinetics 
between devices using only HIL (PEDOT:PSS) and devices using only EIL 
(TiOx-PEI). 
 
To answer the above questions, the following experimental plan was designed: 
A total of four different device structures (Figure 6.4) were prepared, all 
including an active layer comprising of poly[N - 9′-hepta-decanyl-2,7-carbazole-alt-5,5-
(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)](PCDTBT) : )]:[6,6]-phenyl C70-butyric 
acid methyl ester (PC[71]BM) (1:4) inserted between evaporated aluminium electrodes 
and glass coated with indium tin oxide, similar to the studies in Chapters 3 and 5.1  
 
Figure 6.4 Four types of PSC device structures with various combinations of electron and hole interfacial layers 
(i). Type A devices consist of PEDOT:PSS as a hole contact layer with (A(2)) 
and without (A(1)) the electron interfacial layer TiOx-PEI. When comparing A(1) with 
A(2), question 1 relating to the benefit of using an EIL will be answered.  
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(ii). Device type B consists of a TiOx-PEI electron contact layer and a MoOx 
hole contact layer deposited using 6 mg cm-3 MoOx concentration corresponding to the 
optimised conditions in Chapter 5. The comparison between A(2) and B aims to answer 
question 2 relating to the origin of the differences in FF between using MoOx and 
PEDOT:PSS as HIL. 
(iii). Type C device consists of indium tin oxide (ITO) coated glass as a hole 
contact and evaporated aluminium (Al) electron contact without any additional 
interfacial layers.  The device type C is expected to have high surface recombination as 
it contains no interfacial layers. Also, the ITO surface has a work function of about 4.5-
4.7 eV, thus it can extract both electrons and holes (low selectivity). Therefore, device 
type C should have low PSC device parameters including VOC, JSC, and FF. By 
comparing device type A(1) and C, question 3 investigating the benefit of using 
PEDOT:PSS compared with bare ITO will be answered. 
(iv) Device type D consists of an EIL (TiOx-PEI) electron contact layer without 
a hole transport layer. This type of device is designed to answer question 4 investigating 
the possibility of substituting PEDOT:PSS HIL with a single EIL instead, by comparing 
A(1) and D.   
First, current – voltage measurements under illumination and in the dark (Figure 
6.5, and Figure 6.6) were performed to assess the performance of the solar cells as well 
as the resistivity and diode rectification behaviour in the dark. Then, photovoltage decay 
(Figure 6.7) combined with charge extraction using a nanosecond switch technique 
(Figure 6.8) were employed to determine the effect of interfacial layers on charge 
density versus open circuit voltage (Figure 6.10), while the decay of extracted charge at 
various time delays was used to calculate charge carrier lifetime versus charge density 
at open circuit conditions (Figure 6.9). 
6.2 Experimental 
6.2.1 Materials 
All the interfacial layers solutions in this chapter were prepared as the same 
method in previous chapters; including MoOx, TiOx and PEI solutions.  
The TiOx interfacial layer was prepared by a sol-gel route.33  A precursor 
solution containing 1 mL titanium diisopropoxide bis(acetonate) 75% in isopropanol 
was diluted in 8 mL isopropanol and stirred. 0.5 mL glacial acetic acid was added, 
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followed by 0.5 mL of deionized water. The solution was heated to 60 ⁰C and kept 
overnight. Prior to deposition, the titanium oxide stock solution was diluted with 
isopropanol at 1 to 6 volume ratio before depositing on top of the active layer by spin 
coating at 5000 rpm for 40 s. The preparation was identical to the method described in 
Chapter 3 
50% w/v of PEI (MW 750,000, Sigma-Aldrich), was diluted with 2-
methoxyethanol to get 0.5 w%/v PEI solution. This solution was deposited on top of the 
active layer by spin coating at 5000 rpm for 40 s. The preparation was identical to that 
described in Chapter 3 
TiOx-PEI bilayer was prepared by spin coating the PEI layer on the top of TiOx 
layer following the deposition conditions above.  The preparation was identical to the 
method described in Chapter 3 
6.2.2 Device fabrication   
ITO substrate (Xin Yan Technology Limited) was cleaned by ultra-sonication in 
washing detergent, deionized water, acetone and isopropanol, for 15 minutes each step; 
followed by UV-Ozone treatment for 15 minutes. The photoactive layer was deposited 
by spin coating a solution of PCDTBT (7 mg/mL) and PC[71]BM (28 mg/mL) 
dissolved in 1,2-dichlorobenzene (o-DCB)  at 1100 rpm. A 120 nm thick aluminium 
layer was deposited by thermal evaporation at < 10-6 mbar either directly on top of the 
active layer, or following the deposition of an electron interfacial layer. Devices were 
encapsulated using a UV epoxy resin in an argon-filled glove box.  
6.3 Results 
6.3.1 Current –voltage characteristic of PSC devices with various interfacial 
layers under white light illumination. 
Table 1 shows the average values and standard deviations of photovoltaic 
parameters measured under 100 mW cm-2 simulated Air Mass (AM) 1.5 illumination for 
photovoltaic devices consisting of PCDTBT:PC[71]BM as active layers and various 
hole and electron interfacial layers. Figure 6.5 shows current density – voltage (J-V) 
curves measured under white light illumination, for representative devices with 
efficiency values closest to the average values in Table 1. As indicated by italics, some 
of the data have already been shown in previous chapters and are collected here to aid 
comparison. 
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A device using a PEDOT:PSS hole contact layer (A1) between the active layer 
and the ITO showed an open circuit voltage (VOC) of 0.82 V, FF of 0.53 with a short 
circuit density (JSC) of 11.5 mA cm-2 resulting in the PCE of 5.0 %. Inserting both 
PEDOT:PSS and TiOx-PEI between the active layer and electrode contact (type A2) led 
to an increase in the VOC to 0.89 V, FF to 0.58, while the JSC remained  similar to the 
PEDOT:PSS only (type A1) resulting in an increase in the PCE to 6%.  This data was 
already shown in Chapter 3.  
Using the MoOx and TiOx-PEI as the interlayer, the VOC was 0.89 V and JSC of 
11.1 mA cm-2, similar to the values obtained from device type A2. The FF was lower 
(0.51) as shown in Chapter 5.  
In devices (C), having the aluminium and ITO contacts (without interfacial 
layers), the photovoltaic performance was very low. The VOC of this device was 0.23 V 
with JSC of 8.6 mA cm-2 and a very low FF of 0.26, resulting in low PCE of 0.5 %. This 
is new data that has not been shown previously in this thesis and serves as the 
benchmark for interlayer free devices; which presumably have the largest surface 
recombination and / or largest energy offset between the contacts and the materials 
energy levels, causing the low VOC and FF. 
In device type D, inserting only TiOx-PEI as the active layer and aluminium 
contact, the VOC was 0.87 V, the JSC was 10.1 mA cm-2, and the FF was 0.55, resulting 
in PCE of 4.9%.  This is also new data suggesting that PEDOT:PSS can be eliminated if 
a suitable TiOx-PEI electron interfacial layer is used instead. This is interesting because 
one of the often cited reason to use PEDOT:PSS HIL is to align the work function of 
ITO to that of the HOMO of the donor polymer in the heterojunction. The similar VOC 
in type D devices may mean that:  
i) a similar mismatch of work function / acceptor LUMO level exists at the 
electron contact. Including a TiOx-PEI layer produces a similar magnitude of 
work function alignment at the electron contact as the PEDOT:PSS causes at 
the hole contact. This interpretation is qualitatively supported by comparing 
the results between A2 and A1 with the additional increase in VOC of 0.07 V. 
From this data alone, one could conclude that the work function increase at the 
hole contact side is ΔVoch = VOCA1 -VOCC=0.82 V – 0.23 V = 0.59 V and the 
alignment at the electron side is ΔVoce = VOCD -VOCC=0.87 V – 0.23 V = 0.64 
V. The problem with this assumption is that changes in charge density due to 
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changes in recombination are not taken into account. Charge density 
measurements together with VOC decay measurements are required to 
determine the ΔVocn contribution due to charge density change. 
ii) Another possibility is that the VOC change is entirely due to changes in charge 
density. Using either an electron or a hole interfacial layer both leads to 
increased charge densities due to reduced surface recombination, and work 
function alignment is not important for these solar cells. To test this 
hypothesis, similarly to i) above, charge extraction measurements together 
with VOC decay measurements are necessary. 
Table 6.1 Photovoltaic performance of PCDTBT:PC[71]BM (1:4 ratio) devices fabricated using various interfacial 
layers.  
Note: the data for the device type A1 and type A2 were reported in Chapter 3(Black). The data for the device type B were 
reported in Chapter 5 (Green). The data for device type C and device type D were produced in this chapter (Red). 
6.3.2 Current –voltage characteristic of PSC devices with various interfacial 
layers under dark conditions. 
The J-V curves measured in the dark are presented in Figure 6.6, and were 
plotted on a logarithmic scale.  
Comparing between A2 and A1, the addition of a TiOx-PEI electron interfacial 
layer (A2) led to changes in current densities measured in the dark. The current at a 
reverse bias remained similar to device A1 (at 0.03 mA cm-2), while the current density 
at forward bias was higher, resulting in better rectification. The addition of TiOx-PEI 
layer also led to slightly shifted turn on voltage (approximately by 0.07 V) compared 
Device 
type 
Interfacial layer Average photovoltaic parameters Calculated 
 JSC  
( mA cm-2) 
 from EQE 
Charge 
carrier 
lifetime 
(ns) at 
4×1016 
cm-3  
VOC 
(mV) 
at  
6×1016  
cm-3 
Hole Electron VOC 
(mV) 
JSC  
(mA cm-2) 
FF PCE 
(%) 
   
A1 PEDOT: 
PSS 
w/o 820±20 11.5±0.7 0.53±0.04 5.0±0.5 10.6 150 µs 777 
A2 PEDOT: 
PSS 
TiOx - PEI 890±20 
11.1±0.2 0.58±0.02 6.0±0.7 
10.2 260 µs 863 
B MoOx TiOx - PEI 890±20 11.1±0.6 0.51±0.08 5.0±0.7 10.2 66 µs 886 
C w/o w/o 230±80 8.6 ± 0.7 0.26±0.01 0.5 ± 0.2 8.5 1 µs 573 
D w/o TiOx - PEI 870±20 10.1±1.0 0.55±0.05 4.9±0.8 9.8 245 µs  831 
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with the PEDOT:PSS (A1). The turn on voltage shift may be caused by the shifted 
(more negative) work function of the TiOx-PEI / Al contact.  
 
Figure 6.5 J-V characteristics of PSCs using various interfacial layers measured under calibrated 100 mW cm-2 , AM 
1.5 white light illumination. Where A1 is a device using only PEDOT:PSS as an HIL; A2 is a PSC device using 
PEDOT:PSS as an HIL and TiOx-PEI as an EIL; B is a PSC using MoOx as an HIL and TiOx-PEI as an EIL; C is a 
PSC without interfacial layer, and D is a PSC device using only TiOx-PEI as an EIL.   
   
This shift is also consistent with the increase in the photovoltage under steady 
stage white light illumination. An increasing diode rectification is correlated to an 
increasing FF, which is attributed to better blocking properties of charge carriers. 
Comparing between B and A2 (MoOx layer was used instead of PEDOT:PSS), 
the device using MoOx and TiOx-PEI as an interfacial layer (device B) showed that the 
current density at reverse bias at -1.5V was 0.9 mA cm-2, while the current density at 
forward bias was similar to A2 resulting in lower diode rectification compared with the 
device using only PEDOT:PSS  and TiOx-PEI (A2). Replacing the PEDOT:PSS layer 
with MoOx led to similar turn on voltage compared with A2, which is consistent with 
 
 237 
 
the similar VOC measured under steady state illumination. Therefore, a decrease in diode 
rectification may be attributed to a decrease in electron blocking properties of the MoOx 
layer.  
Comparing between A1 and C (PEDOT:PSS layer was used and compared with 
the device without any interfacial layer), a device using a PEDOT:PSS and aluminium 
(A1) showed a low leakage current (0.03 mA cm-2), while at a forward bias of +1.5 V 
the current density was almost 150 mA cm-2. The difference between the forward bias 
(+1.5V) and negative bias (-1.5V) current was large, leading to very good diode 
rectification behaviour.  
Thus the addition of PEDOT:PSS layer also led to better blocking properties of a 
PEDOT:PSS layer. A turn on voltage shift was also observed in the device type A1 
compare with the device without interfacial layer. The turn on voltage shift may be 
attributed to the work function of the ITO being shifted closer to the HOMO of the 
donor polymer. This shift is also consistent with the increase in the photovoltage under 
steady state white light illumination.  
Comparing between type A1 and D, the addition of PEI-TiOx EIL instead of a 
PEDOT:PSS HIL led to a current density at reverse bias (-1.5V) of 0.052 mA cm-2, 
while the current density at forward bias was similar to the device without interfacial 
layer. Also, the turn on voltage in the device type D was of a higher value which 
corresponded to an increase in the work function when the TiOx-PEI was added 
(compared with the device without interfacial layer). Therefore, these results suggest 
that it is possible to replace PEDOT:PSS hole interfacial layer by using a suitable 
electron interfacial layer TiOx-PEI and obtain agood rectification behaviour by 
improving charge carrier selectivity at the aluminium electrode. 
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Figure 6.6 J-V characteristics of PSCs using various interfacial layers measured in the dark. Where A1 is a device 
using only PEDOT:PSS as an HIL; A2 is a PSC device using PEDOT:PSS as an HIL and TiOx:PEI as an EIL; B is a 
PSC using MoOx as an HIL and TiOx-PEI as an EIL; C is a PSC without interfacial layer, and D is a PSC device 
using only TiOx-PEI as an EIL.      
 
6.3.3 Photovoltage decay measurements of PSC devices with various 
interfacial layers. 
Figure 6.7 shows the photovoltage decay transients obtained by illuminating the 
solar cell devices using 8 ns laser pulses at 532 nm while they were held at open circuit 
(1 MOhm impedance). The laser pulse intensity was 10 μJ cm-2 per pulse, which 
corresponded to the condition when the magnitude of the photovoltage transients 
saturated.  
Comparing between A2 and A1, the addition of a TiOx-PEI electron interfacial 
layer (A2) led to higher initial VOC (0.87 V), while the rate of decay was slower than in 
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type A1 devices. The increase in the transient VOC is consistent with the steady state 
increase in the VOC (Table 1), although the increase in transient measurement is slightly 
larger (by 0.08 V). These results suggest that the benefit of added TiOx-PEI is to 
increase the work function and increase the recombination lifetime simultaneously. 
However, charge density measurements at the same VOC are required to confirm this.   
Comparing between B and A2 (MoOx layer was used instead of PEDOT:PSS), 
the voltage decay was an order of magnitude faster compared to that of A2, while the 
initial voltage values were similar to A2. The faster decay suggests more rapid charge 
recombination in device A2. This suggests that the MoOx layer is not as effective in 
reducing surface recombination as PEDOT:PSS. Interestingly and unexpectedly, when 
comparing with device D containing only TiOx-PEI, the recombination seems faster. 
This would suggest that the MoOx layer used in type B actually increases 
recombination. The mechanism for this is not clear, but could be related to charge 
trapping in the MoOx mediating recombination. 
For the device without any interfacial layers (type C), the photovoltage transient 
decayed rapidly within tens of microseconds. The starting photovoltage value was 0.57 
V, which was higher than the steady state VOC value measured under solar illumination 
(0.34 V for this device). This is the fastest decaying transient with the lowest maximum 
value of the photovoltage among all devices investigated. 
Comparing between device type C and A1 (a PEDOT:PSS interfacial layer  was 
added), a significant increase in the initial VOC to 0.74 V is observed. The photovoltage 
decays were extended by orders of magnitude to the several tens of milliseconds time 
scale. Furthermore, a rise in the voltage signal magnitude by 4% reached within 1 μs is 
observed with a maximum VOC value of 0.77 V. This maximum VOC value is lower than 
the steady state value for this device (0.82V). The photovoltage decay is controlled by 
the charge density decay over time (lifetime) and the difference in energy levels the 
charges occupy within the donor / acceptor materials. The elongation of the decays 
clearly demonstrates the benefit of using PEDOT:PSS HIL in increasing the lifetime. 
Since the bulk heterojunction is assumed to be largely unchanged, the increased lifetime 
is attributed to reduced surface recombination by PEDOT:PSS, by blocking the 
extraction of photo-generated electrons and / or facilitating the extraction of holes at the 
HIL side.  
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Comparing between type A1 and D, the addition of PEI-TiOx EIL instead of a 
PEDOT:PSS HIL led to similar initial VOC magnitude (0.74 V). This transient VOC value 
was also lower than the steady state VOC measured under 100 mW cm-2 white light 
illumination (0.87). The photovoltage signal, on the other hand, increased more slowly 
to reach a higher value peak at 0.83 V at 35 μs. This peak photovoltage value is 0.04 V 
lower than the steady state value measured under solar illumination. The photovoltage 
decay was found to be similar to type A1, as shown in Figure 6.7 (B), suggesting that 
charge recombination was similar in the two device types and both HIL and EIL were 
equally effective in suppressing surface recombination. 
 
 
Figure 6.7 Photo-voltage decay transients of photovoltaic devices utilizing various interfacial layers. Where A1 is a 
device using only PEDOT:PSS as an HIL; A2 is a PSC device using PEDOT:PSS as an HIL and TiOx-PEI as an EIL; 
B is a PSC using MoOx as an HIL and TiOx-PEI as an EIL; C is a PSC without interfacial layer, and D is a PSC 
device using only TiOx-PEI as an EIL.           
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6.3.4 Charge carrier density and charge carrier lifetime as a function of 
decay time.  
Figure 6.8 presents the charge carrier density decays versus delay times obtained 
using the charge extraction technique, while Figure 6.9 shows the charge carrier lifetime 
calculated according to Eq. 6.4. The devices were photo-excited at 532 nm using the 
same intensity as used in the photovoltage decay experiments. Initially, an open circuit 
condition was maintained through the use of a high impedance nanosecond switch (2.2 
MΩ impedance). Following a varying delay time, the switch impedance was changed to 
50 Ω and the charges that survived recombination during the delay time were extracted 
from the device. Integration of the photocurrent transient decay afforded the charge 
density versus delay time. Table 6.1 shows the charge carrier lifetime for each type of 
device, calculated for a medium charge density value of 5×1016 cm-3.  
Comparing between A1 and A2, the insertion of the TiOx-PEI layer resulted in 
increased initial charge density (9.0×1016 and 1.2×1017cm-3, respectively) while the 
charge density decay at the longer time scale was slower. Correspondingly, the lifetime 
increased for A2 devices at high charge density (from 150µs to 260µs at 4×1016 ), 
although it was lower at intermediate charge densities 2×1016 cm-3. These results, 
together with the slower PV decays presented earlier, suggest that the EIL layer not only 
changes the work function alignment, but it also slows down charge recombination 
specifically at high charge densities relevant at the open circuit and maximum power 
point conditions. The shift of the work function as well as reduced recombination are 
both responsible for the improved VOC, while the increased lifetime is responsible for 
the higher FF. 
Comparing between B and A2 (MoOx layer was used instead of PEDOT:PSS), 
the charge density decay was an order of magnitude faster in type B while the initial 
charge density values were similar. The calculated lifetime were orders of magnitude 
smaller, suggesting that the MoOx layer may not be as effective in reducing surface 
recombination as PEDOT:PSS. Thus, this result suggests that the lower FF in the MoOx 
devices may be attributed to the shorter charge carrier lifetime. 
Comparing between type C and A1, the device without any interfacial layers 
showed very rapid decays of charge density within tens of microseconds. The starting 
charge density value was low (5×1016 cm3). The fastest decaying charge density and 
charge carrier lifetime was observed. The low initial charge density and short lifetime 
suggest that recombination on the same timescale as charge extraction is responsible for 
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the low charge density. By adding a PEDOT:PSS hole interfacial layer (A1), a 
significant increase in the initial charge density (5×1016 cm3 to 9.0×1016 cm3) was 
observed. The charge density decays were extended by orders of magnitude to the 
several tens of milliseconds timescale. The longer decays clearly demonstrate the 
benefit of using PEDOT:PSS HIL in increasing lifetime. The increased lifetime is 
attributed to reduced surface recombination by PEDOT:PSS, by blocking the extraction 
of photo-generated electrons and/or facilitating the extraction of holes at the HIL side. 
Furthermore, a longer electron lifetime should increase the charge density at VOC 
conditions, which may further contribute to the increased VOC between type C and A1. 
Comparing between using an electron interfacial layer (TiOx-PEI, type D) and 
A1, the initial charge densities of device type D and A1 (8×1016 cm-3 and 9 ×1016 cm-3 
respectively),  and their rates of decay (corresponding to an increase in charge carrier 
lifetime of 245µs) were similar. This result further confirms that the beneficial effect of 
PEDOT:PSS in reducing surface recombination can be substituted by using a high 
performing TiOx-PEI layer at the electron extraction side. 
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Figure 6.8 Charge carrier density decay as a function of delay time of photovoltaic devices utilizing various 
interfacial layers. Where A1 is a device using only PEDOT:PSS as an HIL; A2 is a PSC device using PEDOT:PSS as 
an HIL and TiOx-PEI as an EIL; B is a PSC using MoOx as an HIL and TiOx-PEI as an EIL; C is a PSC without 
interfacial layer, and D is a PSC device using only TiOx-PEI as an EIL.       
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Figure 6.9 Charge carrier lifetime as a function of charge carrier density for photovoltaic devices utilising various 
interfacial layers. Where A1 is a device using only PEDOT:PSS as an HIL; A2 is a PSC device using PEDOT:PSS as 
an HIL and TiOx-PEI as an EIL; B is a PSC using MoOx as an HIL and TiOx-PEI as an EIL; C is a PSC without 
interfacial layer, and D is a PSC device using only TiOx-PEI as an EIL.     
6.3.5 Photovoltage as a function of charge carrier density.  
Figure 6.10 presents the photovoltage as a function of charge carrier density obtained 
through charge extraction measurements. Table 6.1 shows the transient photovoltage 
value for each type of device at a fixed charge density of 6×1016 cm-3. 
Comparing between A2 and A1, the addition of TiOx-PEI interfacial layer increased the 
photovoltage at a fixed charge density, which is due to the more negative work function 
of the electron contact, also consistent with shifted turn-on voltage and increased 
photovoltage transient measurements. In addition, the slopes of the VOC versus charge 
density plots for the A2 and A1 devices were different, suggesting a higher density if 
interband traps for the A2 device, which may relate to the electronic nature of the TiOx 
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layer. At high charge densities relevant to VOC conditions, the slopes are similar 
therefore the shift in VOC is thought to arise primarily from the work function change as 
explained earlier.  
 
Comparing between B and A2 (MoOx layer was used instead of PEDOT:PSS), the 
slope of VOC versus charge density was similar to the PEDOT:PSS devices (A2), thus 
using of MoOx did not change traps density or distribution of the device. Also, the VOC 
values at the same charge density are very close to each other, which is consistent with 
the same VOC measured under AM 1.5 illumination. Therefore, this result confirms that 
the VOC of the device B and device A2 are similar, it is thought that the work function of 
the MoOx layer is similar to the PEDOT:PSS layer.  
 
Comparing between C and A1 (no interfacial layers and PEDOT:PSS), the VOC 
increased at the same charge density from 0.57 V to 0.78 V. This increase is due only to 
work function change, so that ΔVoch’ = VOCA1’ -VOCC’=0.2 V. The remaining increase in 
the steady state voltage calculated earlier is therefore due to the increase in charge 
density ΔVoch - ΔVoch’= 0.59 V – 0.2 V = 0.39 V. This suggests that the major effect in 
insertion of the PEDOT:PSS is the increased charge density caused by reduced 
recombination, with further 0.2 V due to work function change. This suggests that the 
PEDO-PSS work function in actual devices is about 0.2 V more positive compared with 
the ITO work function, which is consistent with literature reports.34,35 
Comparing between type A1 and D, the use of an electron interfacial layer 
(TiOx-PEI, device type D) instead of PEDOT:PSS produces a 0.05 V higher 
photovoltage (0.83V and 0.78 V, respectively) at the charge density of 6×1016 cm-3, 
which suggests that the work function change contribution to the VOC on the electron 
side is actually larger than at the hole interfacial layer side. 
The voltage increase at the same charge density on the electron side can be calculated as 
ΔVoce’ = VOCD’ -VOCC’=0.83 V – 0.57 V = 0.26 V. The contribution of increased electron 
density to increase Voc can be calculated using the steady state ΔVoce values as ΔVoce - 
ΔVoce’ = 0.64 V - 0.26 = 0.38 V, which is very similar to the calculated increase in the 
VOC on the hole side. This is consistent with the similar reduction in charge 
recombination when using either PEDOT:PSS or TiOx-PEI layer. These results further 
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confirm that the primary effect of interfacial layers is the increase in charge density, 
with less (0.26 V) contribution from work function change.  
 
Figure 6.10 Voltage versus charge carrier density measured by photovoltage decay and charge extraction 
measurement for photovoltaic devices utilizing various interfacial layers. Where A1 is a device using only 
PEDOT:PSS as an HIL; A2 is a PSC device using PEDOT:PSS as an HIL and TiOx-PEI as an EIL; B is a PSC using 
MoOx as an HIL and TiOx-PEI as an EIL; C is a PSC without interfacial layer, and D is a PSC device using only 
TiOx-PEI as an EIL.        
6.3.6 Summary of the effects of reducing charge recombination and the 
work function modification via interfacial layers.  
The purpose of this chapter was to understand the possible contributions of the effect 
of work function alignment and reducing surface recombination by using interfacial 
layers in polymer solar cells.  
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The first question was aimed at finding the reason for increased VOC from 820 
mV (no TiOx-PEI) to 890 mV, and FF from 0.53 to 0.58 (with TiOx-PEI) in 
PCDTBT:PCBM devices using a PEDOT:PSS hole interfacial layer. VOC decay 
measurements confirmed steady state illumination and dark J-V measurements that 
suggest the shifting of the work function at the electron extraction electrode on 
introduction of the TiOx-PEI interfacial layer. Furthermore, charge extraction 
measurements revealed longer lifetimes, suggesting that in addition to the work function 
change, surface recombination has also been reduced. Together these effects are 
responsible for the increased FF.  
The second question was related to the development of the solution processed 
MoOx layer to replace PEDOT:PSS as a hole interfacial layer. Two device types were 
compared using PEDOT:PSS (A2) or MoOx (B), both containing the TiOx-PEI electron 
interfacial layer. Replacing the PEDOT:PSS layer led to a lower FF, while the VOC and 
JSC remained the same. A higher leakage current at -1.5V and poorer diode rectification 
in the dark in device type A2 compared with the device type A1 suggests lower carrier 
selectivity for the MoOx contact. The similar steady state and transient photovoltage at 
the same charge density suggest that the work function alignment is quite similar 
between PEDOT:PSS and MoOx. Charge extraction measurements revealed faster 
recombination in devices using the MoOx layer, which is the main reason for the lower 
FF and suggesting that the MoOx layer may not be as effective in reducing surface 
recombination as PEDOT:PSS. 
 
The third question concerned the benefit of inserting PEDOT:PSS hole 
interfacial layer in polymer solar cells compared with using only bare ITO electrodes, 
which was considered by investigating the dual effects of work function alignment and 
reducing surface recombination using charge extraction and transient photovoltage 
measurements.  
To this end, solar cells without any interfacial layers were fabricated (ITO and 
aluminium only) and compared with device type A1 (with PEDOT:PSS). 
Device type C without interfacial layers showed very low photovoltaic performance 
of 0.5 %. The VOC was 0.23V, with JSC of 8.6 mA cm-2 and a very low FF of 0.26. 
Adding a PEDOT:PSS hole contact layer (A1) between the active layer and the ITO 
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afforded an open circuit voltage (VOC) of 0.82 V, FF of 0.53 with a short circuit current 
density (JSC) of 11.5 mA cm-2 resulting in a PCE of 5.0 %.  
Photovoltage decay measurements showed a significant increase in the initial VOC to 
0.74 V compared with the device without interfacial layer (0.57 V) and the photovoltage 
decays were extended much longer than the device without interfacial layer. The charge 
density decays were also extended to a hundred milliseconds time scale, both 
measurements suggesting orders of magnitude increase to the charge carrier lifetime.  
Furthermore, the VOC increased because the work function change was ΔVoch’ = 
VOCA1’ -VOCC’=0.2 V (Figure 6.11). In addition, the VOC increase from the reduced 
surface recombination was ΔVoch - ΔVoch’= 0.59 V – 0.2 V = 0.39 V (Figure 6.11). 
Therefore, it is concluded that the major contribution to the enhancement of VOC by 
insertion of the PEDOT:PSS was from an increasing charge carrier density (reduced 
recombination contributing 0.39 V), while the work function modification contributed 
0.2 V; resulting in an increase in the VOC to 0.82 V for device type A1 (as seen in  
Figure 6.11). 
 Figure 6.11 shows that an increase in the VOC resulted from reducing surface 
recombination and work function modification by using a hole interfacial layer. The 
work function of the active layer is based on the energy level of PCDTBT36 and 
PC[71]BM37 obtained from the literature. 
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Figure 6.11 The effects of work function modification and the reduction in surface recombination on the open circuit 
voltage of solar cells using a hole interfacial layer, where the work function of ITO, HOMO / LUMO level of 
PCDTBT and LUMO level of PC[71]BM were taken from literature.36,37 
 
The last question, number 4, was aimed at investigating the possibility of 
eliminating PEDOT:PSS and using a suitable electron interfacial layer TiOx-PEI 
instead. To this end, devices without TiOx-PEI and without PEDOT:PSS were 
fabricated and compared with A1 containing only PEDOT:PSS.  
The results showed that the use of an electron interfacial layer (TiOx-PEI, device 
type D) instead of PEDOT:PSS (A1) resulted in the VOC of the device using TiOx-PEI 
being slightly higher than when using a PEDOT:PSS layer by 0.05 V (from 0.78 V to 
0.83V). While the device using TiOx-PEI layer showed similar FF, but lower JSC of 
approximately 1 mA cm-2. The J-V in the dark measurement showed a similar diode 
rectification. The photovoltage and the charge carrier density decay were found to be 
similar to the type A1 device.  The similar charge carrier lifetimes further confirm that 
the TiOx-PEI layer can reduce surface recombination similar to the PEDOT:PSS layer. 
In addition, results of the photovoltage as a function of charge density suggest a work 
function contribution to an increasing change in VOC. The VOC increased with the use of 
a TiOx-PEI layer to a slightly higher value than the hole only device of 0.05V (0.83V 
and 0.78 V). 
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These results imply that the benefit from PEDOT:PSS in reducing surface 
recombination can be replaced by using a novel TiOx-PEI layer at the electron 
extraction side. Furthermore, the voltage increase at the same charge density on the 
electron side was calculated from the highest voltage at the same charge density of 
device type C and device type D. Thus, the photovoltage increase at the same charge 
density at the electron contact side is ΔVoce’ = VOCD’ -VOCC’=0.83 V – 0.57 V = 0.26 V. 
Thus, the contribution from the reduction in surface recombination towards increasing 
the electron density to increase VOC can be calculated by using the steady state values 
(ΔVoce ) as ΔVoce - ΔVoce’ = 0.64 V - 0.26 = 0.38 V (Figure 6.12). The VOC increases 
from reduced surface recombination showed similarity to the calculated values of 
increased VOC due to reduced surface recombination at the hole contact side. These 
results further confirmed that the benefit of using a hole interfacial layer can be replaced 
with a suitable electron interfacial layer.  
 
Figure 6.12 The effects of work function modification and reduction in surface recombination on the open circuit 
voltage of solar cells using a single electron interfacial layer . 
6.4 Conclusion 
Interfacial layers are usually employed in the field of organic solar cells. There 
are four common roles of the interfacial layer, namely, the blockage of surface 
recombination, the improvement of charge carrier extraction selectivity, the adjustment 
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of contact material work function, and the increase of light absorption levels taking 
place inside the photoactive layer via the optical cavities effect.  
Comparison between using both hole and electron interfacial layers (PEDOT:PSS and 
TiOx-PEI) and using a single PEDOT:PSS layer in the PSC device showed that the 
highest performance and photovoltage were obtained from the former device. The 
superior performance of the PSC device that used both hole and electron interfacial 
layers can be attributed to the better alignment of the electrode work function close to 
the HOMO of the PCDTBT donor and LUMO of the PC[71]BM acceptor.  
Using both hole and electron interfacial layers together increases the charge carrier 
lifetime compared with using single interfacial layer devices. The increased charge 
carriers are responsible for better blocking of the charge recombination. 
Using MoOx layer in PSC devices led to shorter charge carrier lifetimes than that of 
the PEDOT:PSS  device; suggesting that the MoOx layer is not as effective as 
PEDOT:PSS in blocking surface recombination. 
Inserting the PEDOT:PSS layer increases the charge carrier lifetime compared with 
the without interfacial layer device; which is a sign of a better blocking of charge 
recombination. The voltage gain due to work function modification at the hole contact 
side (ΔVoch’) was found to be VOCA1’ -VOCC’=0.2 V, by using a PEDOT:PSS hole 
interfacial layer. While the voltage gain due to increasing charge carriers is ΔVoch - 
ΔVoch’= 0.59 V – 0.2 V = 0.39 V. 
Finally, TiOx-PEI can be employed as a single interfacial layer which affords similar 
device performance and charge carrier lifetime as the device that uses only 
PEDOT:PSS. Furthermore, the voltage gained from an increasing charge carrier density 
by using of TiOx-PEI is similar to that from using a PEDOT:PSS layer; as ΔVoce - ΔVoce’ 
= 0.64 V - 0.26 = 0.38 V. These results are further confirmation that the employment of 
PEDOT:PSS layer hole interfacial layer alone can be replaced by using a TiOx-PEI 
electron interfacial layer.   
The benefit of this work is in aiding the further understanding of the role of the 
various interfacial layers used in this thesis with the aim of maximising photovoltage 
and efficiency. Also, based on these findings, it could benefit in the further 
understanding of the role of the interfacial layer in reducing surface recombination and 
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in energy alignment that can be used to design interfacial layers to match the active 
material fabrication. For example, in Chapter 5 of this thesis, the MoOx device has 
shown a higher charge recombination than the PEDOT:PSS device. One of the possible 
reasons stems from the effect of the rough surface of the MoOx film when compared 
with PEDOT:PSS  (as seen in Figure B.1 in the appendix B ). Therefore, the solution 
processable MoOx needs further optimization; such as adjusting the annealing 
temperature, the solvent and the deposition method. 
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CHAPTER 7 
AN EVALUATION OF THE HOMO-TANDEM 
POLYMER SOLAR CELL FOR WATER 
SPLITTING APPLICATION  
7.1 Introduction 
The aim of this PhD project is to achieve water splitting by utilising a 
multijunction polymer solar cell with sufficiently high open circuit voltage. Much effort 
was spent to increase the voltage output of single junction solar cells by developing new 
interfacial layers. The knowledge gained from these studies was used to develop a 
homo-tandem polymer solar cell with high open circuit voltage. The aim of this chapter 
is to use this new homo-tandem solar cell and test whether its photovoltaic properties 
are high enough to drive the electrochemical splitting of water to hydrogen and oxygen. 
The results are compared with using a commercially sourced state of the art triple 
junction GaInP/GaAs/Ge solar cell.  
It has been demonstrated recently that a GaInP/GaAs/Ge solar cell can drive 
water splitting reaction with high %STH above 10%.1-4However, a disadvantage of 
using III-V compounds in GaInP/GaAs/Ge device is its complex and repetitive 
fabrication process that lead to a  high production cost of the GaInP/GaAs/Ge device5 
resulting in an increase in the  solar cell assisted water splitting system cost.6 Also, As is 
a toxic material which needs to be avoided7 and the indium is a precious metal and a 
limited resource.8  To realise PV driven water electrolysis (PV+EC), this technology 
requires a low cost solar cell and/or low cost electrocatalyst.  
Polymer solar cells (PSCs) are one of the promising technologies to contribute 
to expansive scale of utilising of solar energy conversion due to their potentially low 
cost via a roll- to- roll printing process.9-11 In 2013, Esiner et al.12 reported a first triple 
junction PSC incorporated with two Pt electrodes in the alkaline electrolyte to split 
water, and this system had a %STH of 3.1%. The active layer of the triple junction solar 
cell comprised of PF10TBT (poly[2,7-(9,9-didecylfluorene)- alt -5,5-(4 ′ ,7 ′ -di-2-
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thienyl-2 ′ ,1 ′ ,3 ′ -benzothiadiazole)] and PCBM ([6,6]-phenyl-C 61 butyric acid 
methyl ester) as a front active layer while the middle and back cells consisted of a blend 
of PDPPTPT (poly[13,6-tetrahydro-3,6-dioxopyrrolo[3,4-c]pyrrole-1,4-diyl- alt -{[2,2 ′ 
-(1,4-phenylene) bisthiophene]-5,5 ′ -diyl] and PCBM. A thin layer of ZnO, Nafion and 
pH-neutral PEDOT:PSS has been utilized as an interconnecting layer (ICL). The device 
performance of the triple junction PSC showed very high VOC of 2.33V , JSC of 4.42 mA 
cm-2, FF of 0.51 and PCE of 5.3%. 
 In 2015, Esiner et. al.14 also reported on a triple junction PSC connected to 
NiMoZn (HER catalyst) and Co3O4 (OER catalyst) for splitting water in 0.1 M 
potassium borate ([K2B4O7]·4H2O) at pH9.2 (near neutral pH) with a %STH of 4.9%. 
Changing the electrocatalyst to RuO, the %STH improved to 5.4%. The photoactive 
layer of this triple junction PSC was slightly different to the previous report by 
changing the PF10TBT to poly[[9-(1-octylnonyl)-9H-carbazole-2,7-diyl]-2,5-
thiophenediyl-2,1,3-benzothiadiazole-4,7-diyl-2,5-thiophenediyl] (PCDTBT) and [6,6]-
phenyl-C71-butyric acid methyl ester ([71]PCBM), while the middle and back cells 
were the same. Also the performance of this solar cell was slightly higher, affording a 
VOC of 2.03 V , JSC of 5.81 mA cm-2, FF of 0.57 and PCE of 6.67%. The improvement of 
%STH could be attributed to a higher JSC and FF of this device as well as lower 
overpotential enabled by the electrocatalyst. 
Later, the same authors demonstrated a homo-tandem PSC with the incorporation 
of RuO as an electrocatalyst for splitting water in alkaline solution,14,15 by using 
(poly(4,10-(2-octyldodecyl)-4,10-dihydrothieno[20,30:5,6]-pyrido[3,4-g]thieno[3,2-
c]isoquinoline-5,11-dione)-co-benzo[1,2-b:4,5-b0]dithiophene (PTPTIBDT-OD) and 
PC[71]BM as an active layer. The VOC of this solar cell was only 1.74 V. Owing to the 
high FF of 0.73 of this PSC, the water splitting occurred close to the maximum power 
point of the homo-tandem device (while keeping the operating potential higher than the 
threshold potential of the water electrolysis) resulting in the %STH of 4.3%. Recently 
Gao et. al.16 developed a high photovoltage (1.84 V) double-junction PSC based on   
poly(benzo[1,2- b :4,5- b ′]dithiophene–thieno[3,4-c]pyrrole-4,6-dione) (PBDTTPD) 
and PC[71]BM for splitting water, where insertion of a ZnO/Al/MoO3 layer led to a 
high FF of 0.69 , with JSC of 6.5 mA cm-2.  Also, incorporation of this homo-tandem 
PSC with Pt and Ni foam for splitting water in 1 M NaOH achieved a %STH of 6.1% at 
an operating voltage of 1.5 V. As seen in few successful cases in the literature using 
tandem PSC for splitting water,12,15,17,18 the general requirements are; (i) high VOC 
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(beyond the over-potential of the HER and OER catalyst) ; (ii) high FF to maintain high 
operating voltage and current. 
In Chapter 4, it was found that the wettability by the PEDOT:PSS solution on top 
of the electron interfacial layer could be solved by adding a non-ionic surfactant (Triton 
x-100) to modify the PEDOT:PSS solution (m-PEDOT:PSS). A new homo-tandem PSC 
using PEI/m-PEDOT:PSS ICL achieved a high VOC of 1570 mV, which should be a 
sufficient by high to split water.  
7.1.1 Integration of the PV with the water electrolysis cell 
In the literature, Bonke et. al.2 have proposed  three possible approaches for 
coupling the solar cell to the electrochemical cell.  
(i) Non-integrated water splitting devices (Figure 7.1(A)) are PEC devices in 
which the photovoltaic (PV) cell(s) and electrolyser are connected by 
external wiring. This approach has additional post PV processing such as 
metallisation, wiring and encapsulation. However, the overall cost of the 
system can be reduced by replacing expensive PV by cheaper PV 
technology such as polymer solar cell.9,10,16,19,20 Also, this type of 
integration may be conceptually attractive by physically separating the PV 
and electrocatalyst materials which can circumvent the PV stability issue in 
the electrolyte that may be present in the integrated PEC water splitting 
device.  
(ii) In partially integrated devices, or wired PECs, one of the redox catalysts is 
physically contacted to the light absorbing material or solar cell, while the 
other redox catalyst is connected through external wiring (Figure 7.1(B)). 
This type of device integration aims to reduce the cost of material and PV 
post-processing (metallisation and encapsulation). This approach can also 
increase the %STH by incorporating the PV with the photoelectrode.   
(iii) Using fully integrated devices, also known as wireless PECs, the PV and 
the water splitting catalysts are in physical contact (Figure 7.1 (C)). This 
configuration is attractive because it is easy to separate H2 from the O2. 
This technology is also easy to scale and have a simple design.1,21 Also, PV 
post-processing (e.g. sealing, metallisation) are not required.  
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Figure 7.1 The three approaches for solar cell and electrochemical cell integration 
It has been reported in the literature that the PSC device performance degrades 
faster if the PSC device is exposed to water and/or oxygen (i.e. ambient air). For 
example, the PEDOT:PSS layer can redisperse in the water, while the aluminium 
electrode can easily be oxidised when in contact with oxygen or water. Furthermore, it 
has been reported that there is oxidative degradation of the PSC active layer when it 
reacts with water and oxygen under light illumination. Therefore, the non-integrated 
water splitting device is chosen in this thesis because it can circumvent the stability of 
the solar cell in the electrolyte.  
7.1.2 Water splitting reactions 
Equation 7.1 to 7.5 show the oxidation and reduction reactions taking place 
during water splitting for acidic and alkaline electrolytes.  
In acidic media (pH=0) at 25 °C, 1 bar vs. normal hydrogen electrode (NHE):  
4H++4e- 2H2   𝐸𝑟𝑒𝑑
𝑜 = 0.000 𝑉   Eq.7.1 
2H2O+4h+ O2+4H+  𝐸𝑜𝑥
𝑜 = 1.229 𝑉  Eq.7.2  
In alkaline media (pH=14) at 25°C, 1 bar vs. NHE:  
4H2O+4e- 2H2+4OH-    𝐸𝑟𝑒𝑑
𝑜 = −0.828 𝑉  Eq.7.3 
4OH-+4h+ O2+2H2O  𝐸𝑜𝑥
𝑜 = 0.401 𝑉  Eq.7.4 
Overall reaction:  
2H2O 2H2+O2    𝐸H2O
𝑜 = −1.229 𝑉  Eq.7.5 
The total water electrolysis reaction (HER and OER) in acidic or alkaline at  
25 °C, 1 bar, requires 1.23 V to split water into hydrogen and oxygen. In practice, water 
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splitting takes place at higher potentials than 1.23 V due to the over potentials (η) at the 
oxygen and hydrogen evolution sites, which depend on the type of the electrocatalyst 
and the electrolyte. 
 
7.1.3 Purpose and methodology 
In Chapter 4 a homo-tandem PSC has been produced with high open circuit 
voltage (VOC) above 1.5 V, which surpassed the minimum thermodynamic requirement 
for water electrolysis (1.23 V). As mentioned above, in practice, the water electrolysis 
usually takes place at a higher potential than the minimum thermodynamic requirement. 
The question is whether the best homo-tandem PSC produced in Chapter 4 has 
sufficient photovoltage to drive water electrolysis under 100 mW cm-2 light 
illumination. To answer this question, the best homo-tandem PSC in Chapter 4 was 
tested for splitting water application. Also, a commercial GaInP/GaAs/Ge solar cell 
(open circuit voltage of 2.5 V) was used as a benchmark device and compared with the 
best homo-tandem PSC.  
A PEC device was tested by using a solar cell (from Chapter 4 and a commercial 
GaInP/GaAs/Ge solar cell) connected with two platinum electrodes in an aqueous 
electrolyte. The platinum electrode was chosen because it is highly active, and durable 
catalyst in acidic, neutral and alkaline solutions.13,22 
The effect of electrolyte pH on the PEC performance was also investigated. 
Chronoamperometry measurements were performed for 1 hour using a two-electrode 
system, recording the operating current while the operating potential was measured by  
a source measurement unit (Keithley 2400). Gas chromatography was used to quantify 
the production of hydrogen gas during the experiment and to calculate the Faradaic 
efficiency. The threshold potential (onset potential) for total water electrolysis reaction 
was measured in three different pHs by using linear sweep voltammetry (LSV). The 
%STH of the PEC devices was also determined.  
7.1.4 The water splitting experiment set-up. 
The water splitting testing system can be divided into six components  
(Figure 7.2). 
1) A white light source (Peccell CERMAX Xe illuminator system), was 
used to illuminate the solar cell device during the water splitting experiment. The light 
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intensity was controlled by an analogue current controller and calibration performed to 
match to 100 mW/cm2 using a silicon photodiode. 
2) There are two types of solar cells device used in this chapter: 
(i) GaInP/GaAs/Ge solar cell (active area 1 cm-2) 
(ii) The homo-tandem PCDTBT:PC[71]BM solar cell (active area  
0.06 cm-2). These solar cells were connected with wire-configuration (non-
integrated PEC) to the platinum electrodes to drive the water splitting 
reaction within an electrochemical cell (H-cell).   
3) A potentiostat was used to measure the operating current 
(chronoamperometery) and the onset potential for H2 evolution (linear 
sweep voltammetry). 
4)  An air-tight electrochemical cell was used as a water splitting reactor 
(Figure 7. 4), to ensure that the generated H2 gas was separated from the O2 
gas as well as the air outside of the H-cell. There was a proton transfer 
membrane nafion-117 separating the two sides of the electrodes. The lid of 
the H-cell had four channels with equally spaced openings for connections 
with the electrode and gas carrier in/out as seen in Figure 7.4. 
5) A gas chromatograph (Shimadzu GC-8A) was connected to the H-cell. It 
was used to detect how much H2 gas had been produced. The GC-8A has a 
thermal conductivity detector (TCD), manual flow control, two molecular 
sieve columns, two on column injection ports, and a plotter analogue output. 
The gas (H2 and O2) detection system is shown in Figure 7.3. In this system, 
there were two ways to detect the gas from the water electrolysis.  First, the 
gas was directly injected into the GC by using a syringe. Second, 5 mL of 
the overhead gas was injected from the collected gas sampling through the 
sample loop by using Ar gas carrier. When the gas collection was ready, the 
gas products in the sample loop were injected into the GC for testing using 
the Ar carrier gas. The GC was used to confirm that the hydrogen 
generation occurred and to measure at 40 minutes during the 
chronoamperometric testing. To avoid the leakage of the hydrogen gas or 
oxygen gas product, air-tight electrochemical cell (H-cell) was connected to 
the sample loop of the GC.   
6) A Keithley 2400 was used as a digital multimeter to measure the operating 
voltage during the water splitting measurement. 
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Figure 7.2 Experimental design for coupling of the solar cell and PEC for a water splitting device. 
 
Figure 7. 3 The H2 or O2 gas-flow detection system for the water splitting experiment. 
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Figure 7.4 A typical electrochemical cell used in this chapter (H-cell), where (A) is the front view of the H-cell, (B) is 
the top view of the H-cell. 
7.1.5 The Faradaic efficiency and solar to hydrogen conversion efficiency 
The %STH was calculated by using Equation 7.2.12,23 The factor 1.23 V is the 
thermodynamic requirement for water splitting, the JOP is the operating current (the 
electrolysis current) and Pin is the power input from the light source. 
%𝑆𝑇𝐻 = [
𝑃𝑜𝑢𝑡
𝑃𝑖𝑛
× 100] =
𝐽𝑜𝑝×1.23×𝑓𝑎𝑟𝑎𝑑𝑎𝑦 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦
𝑃𝑖𝑛
× 100                     Eq.7.6 
Faradaic efficiency can be calculated by using Equation 7.6 
𝐹𝑎𝑟𝑎𝑑𝑎𝑖𝑐 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑔𝑎𝑠 𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛 
𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑔𝑎𝑠 𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛
× 100                                 
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  = (
𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝑔𝑎𝑠 𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 
ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝑔𝑎𝑠 𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑏𝑎𝑠𝑒𝑑 𝑜𝑛 𝑡ℎ𝑒 𝑝ℎ𝑜𝑡𝑜𝑐𝑢𝑟𝑟𝑒𝑛𝑡
) × 100               
  =
𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝑔𝑎𝑠 𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
 (𝐽𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑×𝑡𝑖𝑚𝑒 𝑑𝑢𝑟𝑖𝑛𝑔 𝑔𝑎𝑠 𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛)
2×96500
× 100                         Eq.7.7 
 
7.2 Experimental  
7.2.1 Gas calibration  
Before the electrochemical experiment, the GC was calibrated for quantitative 
characterisation of the H2. Calibration curve of the hydrogen gas was made by injection 
of a known volume of 10% v/v of H2 in N2 standard gases mixture (BOC Australia) to 
the GC.  While the calibration curve of the O2 gas was made by injecting a known 
volume of the O2 gas standard to the GC. The calibration curve is shown in the 
appendix E (Figure E.1).  
Also, prior to testing the water splitting with the PV assisted water electrolysis, 
the gas products from each electrolyte pH with the platinum electrodes were verified as 
H2 and O2 by checking the gas ratio in a plastic syringe as shown in Figure 7.5. The two 
syringes were sealed at one side (needle side) while the other side was open. To do the 
test, the two syringes were filled with the electrolyte and inverted into the electrolyte to 
be tested while the platinum electrodes were also attached inside the syringe. Before the 
water electrolysis experiment, the two Pt electrodes were connected in a two-electrode 
configuration to the potentiostat and 2.5 V was applied to split the water. Also, similar 
to several literature reports, the H2 and O2 were generated by using Pt electrodes in 
acidic, neutral and alkaline electrolyte.  
 
Figure 7.5 The H2 and O2 gases volume ratio in the syringes after applying a bias 2.5 V through the electrolyte at 
pH14. 
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7.2.2 Solar cell testing 
The GaInP/GaAs/Ge triple junction solar cells (active area 1cm-2) were purchased 
from Spectrolab. The devices have a quoted PCE of 38.5% under 900 sun rating. Its 
performance was tested under 1 sun condition and it was 24.14 %. 
Current density–voltage (J–V) characteristics were measured under simulated 
100 mW cm-2 air mass 1.5G solar illumination (solar simulator from OAI Instruments, 
model TriSOL) by using a Keithley 2400 source measurement unit as described in 
Chapters 2, 3, 4, and 5 respectively.  
7.2.3 Water splitting measurements 
  Electrochemical experiments were performed using a CHI 650D electrochemical 
analyzer (CHI Instrument, USA). Two platinum mesh electrodes (electrode area ~ 
1cm2) were used as the counter electrode and the working electrode. The electrolyte was 
0.1 M Na2SO4. Prior to experiment, the pH of the electrolyte was adjusted by adding 
5mL of 1.0 M H2SO4 (for electrolyte pH1) to 250 mL of 0.1 M Na2SO4. The electrolyte 
pH14 was prepared by adding 5 mL of 0.1M NaOH to 250 mL of 0.1 M Na2SO4 
solution. A 0.1 M of Na2SO4 solution was used as electrolyte pH7. The pH of all 
electrolytes was checked by using pH-sticks 0-14 (Ajax Finechem).  
Both sides of the H-cell were filled with 110 mL electrolyte. Before the 
electrochemical experiment, the electrolyte was purged with argon gas to remove the 
oxygen and other dissolved gases. During the test, the inert gas Ar was fed through the 
H-cell with a flow-rate of 1mL in 8 second (the sample loop size is 5 mL, the time 
during gas evolution is 40s). So, the faradaic efficiency can be estimated by using 
Equation 7.6.  
Chronoamperometry was performed using a two-electrode system, where the 
working electrode cable of the potentiostat was connected to the cathode of the PV 
device. The counter and reference cables were both connected to the platinum electrode 
of the H-cell (Ch 1; Figure 7.2). While, the anode of the PV was connected to the 
platinum electrode of another side of the H-cell (Ch2).  
Linear sweep voltammetry (LSV) was performed with a two-electrode system 
using a CHI 650 D. The typical scan rate was 0.01V s-1. The counter and reference 
electrode cables were connected together with the channel 1 of the H-cell, while the 
working electrode was also connected to the platinum electrode at the channel 2 of the 
H-cell.   
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7.3 Results 
7.3.1 The electrochemical cell characteristic  
7.3.1.1 Linear sweep voltammetry 
To evaluate the effect of the electrolyte pH on the potential threshold for total 
water electrolysis using the platinum electrodes, linear sweep voltammetry (LSV) was 
used to record the current voltage response in electrolytes with 3 different pHs. 
Figure 7.6 shows the JV response of the platinum electrodes in various pH of 0.1 
M Na2SO4. For electrolyte pH1, at – 0.20 V the current density was very low (~ 0.02 
mA cm-2), and even increasing the potential to +1.3 V the current density was still low, 
(0.03 mA cm-2). However, increasing the potential further to approximately +1.6V, the 
current density increased exponentially. An increase in the threshold potential compared 
with the thermodynamic values are due to overpotentials occurring at the electrodes. 
Increasing the pH of the electrolyte to 7, the current voltage characteristics 
showed similar behaviour, but the current density started to increase at +2.1 V 
(threshold potential shift to +2.1 V). An increase of the threshold potential in the 
electrolyte pH 7 from 1.6 V to 2.1 V is possibly due to the local pH-changing in the 
environment surrounding near the electrode. The local pH-changing at the electrode 
interface led to the presence of the deprotonation H2O available for OER in alkaline 
electrolyte or HER in acid electrolyte, thus the water splitting reaction in neutral 
electrolyte is kinetically more difficult compared to the acid or alkaline electrolyte.24   
Changing the electrolyte to pH14, the threshold potential for electrolysis 
decreased to +1.7 V. This result is of a similar behaviour as with the electrolyte pH1, 
but slightly higher value of 0.1 V. Thus, it is seen that the potential threshold for the 
total water electrolysis of the Pt electrode is following the order of the electrolyte pH 
1<pH14<pH7 in the two-electrode system. Therefore, for the Pt electrode, the 
electrolysis was more favourable with the electrolyte pH1> pH14> pH7 respectively.  
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Figure 7.6 The current density potential characteristic of the platinum electrode in various pHs of 0.1 M Na2SO4 
solution.   
7.3.1.2 The Faradaic efficiency  
To determine the Faradaic efficiency for water splitting reaction of the Pt 
electrode, the potential was applied between the two separated platinum electrodes and 
the current was measured by using the potentiometer (CHI 650D).  To determine the 
Faradaic efficiency of the Pt electrode, the value of the applied potential was chosen 
from the operating potential for PV+EC water electrolysis in the section 7.3.3. The 
Faradaic efficiency can be calculated by using Equation 7.7.  The quantity of gas was 
determined by the GC at 40 minutes of the experiment.  
Figure 7.7 shows the current density as a function of time during the Faradaic 
efficiency measurement of the electrolyte pH1, 7 and 14, respectively.  
Using the pH1 electrolyte, the initial current density was 6.15mA cm-2, followed 
by a gradual decrease to 5.14 mA cm-2 (Figure 7.7). In addition, gas bubbles were 
observed in both the two compartments of the H-cell which suggested that HER and 
OER occurred at the cathode and anode respectively.  
Due to similar values of the thermal conductivity of the O2 gas and Ar gas 
(carrier gas), the TCD detector showed a low sensitivity towards the O2. The direct 
comparison by applying 2.4 V to two Pt electrodes in electrolyte pH1 to splitting water, 
the chromatogram of the O2 gases were much lower than the H2 gases. This result is 
similar to previous reports from our laboratory.25 Thus, only the amount of the H2 gas 
was used to confirm the quantity of the product and to estimate the faradaic efficiency. 
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In addition, other errors during the measurement, such as an error in gas flow-rate or the 
error in gas quantity measurement by the GC was not determined here. 
 Pertaining to the Faradaic efficiency measurement, the current density was quite 
stable at 40 minutes of the experiment which suggested the system reached equilibrium. 
Thus, the faradaic efficiency could be estimated as: 
 
𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝑔𝑎𝑠 𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
 (𝐽𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑×𝑡𝑖𝑚𝑒 𝑑𝑢𝑟𝑖𝑛𝑔 𝑔𝑎𝑠 𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛)/96500
2
× 100 =  
8.52×10−7𝑚𝑜𝑙
(0.00514 𝐴 × 40𝑠)/96500
2
× 100 =80%.  
Using electrolyte pH7, the current response showed similar behaviour to 
electrolyte pH1. The current density was 1.57 mA cm-2. Changing the electrolyte to 
pH14, the current density was increased to 2.48 mA cm-2. The current density and 
Faradaic efficiency at 40 minutes after applying the potential bias were calculated by 
using Equation 7.7 and summarized in Table 7.2. It is noticed that the current density 
decreased, following the order of the electrolyte pH1> pH14> pH7, and may be due to 
the different reaction kinetics of the HER and OER of the Pt electrode in different 
electrolyte pHs.  This is similar to the literature reports that Pt electrode was an highly 
active catalyst in acid electrolyte but had lower reactivity in neutral or alkaline 
electrolyte.13,26 
 
Figure 7.7 J–V curves of the Pt mesh in a two-electrode configuration in 0.1M Na2SO4 where:   pH1(red), 7(black) 
and 14 (green). 
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7.3.2 Solar cell device characterisation 
 
Table 7.1 The solar cells device parameters   
 
Figure 7.8 and Table 7.1 show the device parameters of GaInP/GaAs/Ge solar 
cell and homo-tandem PSC using PEI/m-PEDOT:PSS as an interconnecting layer. 
These devices were measured under 100 mW cm-2 simulated white light illumination 
(using TriSOL, OAI solar simulator prior to do the water splitting measurement) 
This GaInP/GaAs/Ge has lower than quoted efficiency for this type of device 
was measured at much lower light intensity (1sun instead of 900 suns). Furthermore, the 
GaInP/GaAs/Ge cell has no warranty for the quality of this solar cell. The actual device 
performance was VOC of 2460 mV, JSC of 11.4 mA cm-2, FF of 0.87 resulting in 24% 
PCE at 100 mW cm-2 white light illuminations. The best homo-tandem PSC in this 
thesis afforded a  VOC of 1520 mV, JSC of 4.7 mA cm-2 and FF of 0.39, resulting in PCE 
of 2.8%. Hence, both types of solar cell devices showed high photovoltage beyond the 
thermodynamic requirement for water electrolysis, thus in the next section both the 
triple junction GaInP/GaAs/Ge solar cell and the homo-tandem PSC were applied to 
perform water electrolysis by connecting to the H-cell. 
 
Figure 7. 8 Comparison of J-V characteristics of GaInP/GaAs/Ge solar cell and homo-tandem PSCs measured under 
calibrated 100 mW cm-2, AM 1.5 white light illumination (using TriSOL, OAI solar simulator). 
Solar cell types 
The photovoltaic parameters 
VOC 
(mV) 
JSC 
(mA cm-2) 
FF 
PCE 
(%) 
Homo-tandem PSC 1520 4.7 0.39 2.78 
GaInP/GaAs/Ge 2460 11.4 0.87 24.14 
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7.3.3 Water electrolysis by GaInP/GaAs/Ge solar cell  
Figure 7.9 shows the current density as a function of time of GaInP/GaAs/Ge 
solar cell whilst driving water electrolysis recorded by the chronoamperometry 
technique, using 0.1M Na2S2O4 at pH1, pH7 and pH14 respectively. The operating 
current density at 40 minutes after solar driven water electrolysis of GaInP/GaAs/Ge 
solar cell, the operating potential, and solar-to-hydrogen efficiency are summarised in 
Table 7.2. 
Under calibrated 100 mW cm-2 white light illumination, the GaInP/GaAs/Ge 
driven water electrolysis of the electrolyte pH 1 showed an initial current density of 6.1 
mA cm-2, which gradually decreased by 10% within the first couple of minutes and then 
decreased to 3.12 mA cm-2. The operating voltage was fluctuating around 2.35-2.37V 
during the experiment (read from the Keithley 2400) which may be due to slight 
fluctuation of the light intensity of the light source. The value of the operating voltage 
was close to the interception of the J-V curve from the PV and LSV (Figure 7.10). The 
gas from the cathode of the electrochemical cell was analysed by gas chromatography, 
to quantify the produced hydrogen gas. The quantity of hydrogen gas produced was 
4.21×10-7 mole (estimated from the peak area of the GC result and the calibration 
curve).  
  Changing the electrolyte pH from 1 to electrolyte pH7, the initial current 
density of GaInP/GaAs/Ge solar cell and Pt electrode was 3.0 mA cm-2. After 40 
minutes of the experiment, the current density of the PV/electrolysis cell decreased and 
became stable at 1.57 mA cm-2, while the GC result revealed that the quantity of 
hydrogen gas was 9.38×10-8 mole. The operating voltage was also at 2.42 V for the 
electrolyte pH7.  
 Replacing of the electrolyte pH7 with the electrolyte pH14, the initial current 
density was 5.24 mA cm-2. The current density dropped and stabilised after 40 minutes 
of the experiment at 2.14 mA cm-2. The operating voltage was at 2.38 V. It is noticed 
that the high FF of the GaInP/GaAs/Ge solar cell can shift the operating potential close 
to the VOC of the solar cell.  Also, the results from the GC showed that there was 
2.78×10-7 mole of the hydrogen gas produced. Furthermore, the %STH for 
GaInP/GaAs/Ge driven water electrolysis for electrolyte pH1, pH7 and pH14 were 
3.68%, 0.48% and 2.53% respectively. Similar to the water electrolysis by using the 
external bias (potentiostat), the pH dependence of the water electrolysis was observed 
for solar cell powered water electrolysis, which may be due to the different reaction 
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kinetics of the HER and OER of the Pt electrode in different electrolyte pHs.  This is 
similar to the literature reports showing that Pt electrode was a highly active catalyst in 
acid electrolyte but had a lower reactivity in neutral or alkaline electrolyte.13,26,27 
     
 
 
Figure 7.9 Chronoamperogram of GaInP/GaAs/Ge solar cell connected to Pt electrode under simulated AM 1.5G 
100 mW cm−2 illumination (Peccell CERMAX Xe illuminator system) during electrolysis of 0.1M NaS2O4 pH1, 0.1M 
Na2SO4 pH7 and 0.1M Na2SO4 pH14. 
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Figure 7.10 The current voltage response GaInP/GaAs/Ge solar cell under simulated 100 mW cm-2 illumination, and 
the current voltage response  of Pt mesh in a two-electrode configuration in 0.1M Na2SO4 at pH1, pH7 and  pH14  
respectively. 
Figure 7.10 shows that the predicted operating current density of the combined system 
(normalized to the total solar cells area) is defined by the intersection of the J-V curves 
of the GaInP/GaAs/Ge and the Pt electrodes in the two-electrode configuration. The 
predicted operating current was dependent on the electrolyte pH, while the electrolyte 
pH1, 14 and 7 gave the values of 6.2, 5.8 and 0.6 mA cm-2 respectively. These estimated 
operating currents corresponded to the %STH of 7.3% (electrolyte pH1), 6.8% 
(electrolyte pH14) and 0.5% (electrolyte pH7).  
However, it is noticed that the estimated %STH (Figure 7.10) was expected to 
be higher than the actual measurement. This suggests that there are losses during the 
solar to chemical energy conversion process. The possible reasons may 
originated from:  
(1) The size of the electrochemical cell (electrical load) and solar cell did not 
match, therefore, this device needs further improvement.2  
 (2) The oxide formation at the OER electrode which led to slow kinetics of 
water electrolysis reaction.22 Therefore, to improve the %STH by using GaInP/GaAs/Ge 
solar cell, the low overpotentials catalyst are required.  
7.3.4 Water electrolysis by using homo-tandem polymer solar cell  
Figure 7.11 and Table 7.2 present the current density as a function of time of 
homo-tandem PSC connected in series with the platinum electrode.  
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In 0.1M Na2SO4 pH1 the recorded operating current of homo-tandem PSC 
driven water electrolysis showed much lower current density than the GaInP/GaAs/Ge 
solar cell; by three orders of magnitude (approximately 2µA cm-2).  
Whereas, changing the electrolyte to pH7 and pH14 showed a similar result 
(approximate values of 2 µA cm-2). The operating voltage (Vmax) obtained from the 
Keithley 2400 was also the same as electrolyte pH1, showing approximate 1.2 V-1.3 V 
for both electrolytes pH 7 and pH14.  
The low current density suggests that there is an oxidation an reduction taking 
place. Also, the operating voltage showed fluctuation between 1.2-1.3V during the 
experiment, while the GC did not detect any hydrogen gas. This value corresponded to 
the prediction of operating current from the combined system of the homo-tandem PSC 
and Pt electrode at various electrolyte pHs. The possible reason is that the HER or OER 
requires higher threshold potential (Figure 7.12) to compensate for the kinetic loss 
during water electrolysis (~1.5V for electrolyte pH 1).Also, the best homo-tandem PSC 
showed a VOC of 1.5 V which is sufficient to drive water electrolysis but the current is 
very low. The H2 evolution could not be detected which possible reasons originate from 
the concentration H2 was lower than the detection limited of the GC. 
However, the water electrolysis reaction has been limited by both solar cell and 
the redox catalyst. Therefore, further development of the homo-tandem PSC may be 
needed to improve the VOC, FF and JSC. Whereases, the redox catalyst require a lower 
threshold potential to achieve unassisted photoelectrochemical water splitting.  
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Figure 7.11 Chronoamperogram of homo-tandem PSC connected to Pt electrode under simulated 100 mW cm−2 
illumination (Peccell CERMAX Xe illuminator system) during electrolysis of 0.1M Na2SO4 pH1, 0.1M Na2SO4 pH7 
and 0.1M Na2SO4 pH14. 
Figure 7.12 shows that the predicted operating current density of the combined 
system (normalized to the total solar cells area) is defined by the intersection of the J-V 
curves of the homo-tandem PSC and the Pt electrodes in the two-electrode 
configuration. The predicted operating current of the Pt electrode was dependent on the 
electrolyte pH. The lowest threshold potential for water electrolysis was ~1.6 V 
(obtained from Pt electrode in electrolyte pH1). Also the VOC of the homo-tandem PSC 
was ~1.5 V.  It is noticed that the operating voltage obtained from the Keithley 2400 
was low (~1.2-1.3 V) which corresponded to a low FF of the typical homo-tandem PSC 
device. The FF is one of the important parameters related to the maximum power output 
of the solar cell. The low FF resulted in low operating potential and power output which 
led to lack of electrical power to drive the water splitting reaction. In the literature,28,29 
sheet resistance (RS) and shunt resistance (RSH) are factors that affect the FF of the PSC 
devices.  
 
 
Figure 7.12 The current voltage response of the homo-tandem PSC under calibrated 100 mW cm-2 illumination, and 
the current voltage response of Pt mesh in a two-electrode configuration in the 0.1M Na2SO4 pH1, pH7 and pH14 
respectively.  
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Table 7.2 The current density obtained from solar cell driven electrolysis  
Electrolyte 
pH 
Device type 
Current density 
Operating 
voltage (V) 
Faradaic 
efficiency 
Solar to 
hydrogen 
efficiency 
Initial 
40 
minutes 
40 
minutes 
40  
minutes 
40  
minutes 
pH1 
H-cell 
6.15  
mA cm-2 
5.14  
mA cm-2 
2.36V 79.9%  
Homo-tandem 
 PSC 
- 
1.59  
µA cm-2 
~1.2-1.3V  Not Detected 
GaInP/ 
GaAs/Ge 
6.24  
mA cm-2 
3.12 
 mA cm-2 
2.36V 
 
 
3.68% 
pH7 
H-cell 
3.15 
 mA cm-2 
1.57  
mA cm-2 
2.42V 34.2%  
Homo-tandem  
PSC 
- 
1.30  
µA cm-2 
~1.2-1.3V  
Not Detected 
 
GaInP/ 
GaAs/Ge 
2.07  
mA cm-2 
0.55  
mA cm-2 
2.42V 
 
 
0.48% 
pH14 
H-cell 
5.24  
mA cm-2 
2.48  
mA cm-2 
 
2.38 72.6%  
Homo-tandem  
PSC 
- 
1.30  
µA cm-2 
~1.2-1.3V  Not Detected 
GaInP/ 
GaAs/Ge 
5.21  
mA cm-2 
2.14  
mA cm-2 
2.38V  2.53% 
 
 
Unfortunately, the presence of an s-kink, high RS and low FF led to low device 
performance due to an insertion of the (32 nm) PEI/(60 nm) m-PEDOT:PSS ICL in 
homo-tandem PSC. Therefore, the interconnecting layers (ICL) properties played an 
important role in the performance of tandem devices, which need further optimisation. 
As mentioned in Chapters 4 and 5, the ICL should meet the three requirements 
simultaneously: 
(1) High mechanical robustness to protect the underneath active layer from 
being damaged during the fabrication process. 
(2) High optical transparency, because high optical transparency of the ICL can 
minimise the photon loss in 2nd sub-cell and resulting in an efficient charge generation 
in tandem PSC.  
Thus, to overcome the low FF from the ICL, the ICL requires further 
optimisation for a new ICL such as: 
(i) Changing the solvent and the concentration of the PEDOT:PSS solution 
to improve the wettability of the PEDOT:PSS.30-32   
(ii) Doping of the HIL and EIL at the ICL. 
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(iii) Inserting of thin metal layer such as silver between EIL and HIL to serve 
as a better recombination centre for both electron and hole from front and 
rear sub-cells.34-36 A possible method is to insert a metal layer between 
EIL and HIL by using thermal evaporation or by adding a metal 
nanowire or metal nanoparticle. A very thin metal layer could improve 
the VOC and FF of the ICL simultaneously.  
Recently Zuo et  Al.,35 demonstrated an MoO3/Ag/poly[(9,9-bis(3-(N,N-
dimethylamino)-propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctyl-fluorene)] 
(PFN) or (MoO3/Ag/PFN) as an ICL in inverted tandem PSC. The 
tandem PSC used a polyindaceno-dithiophene-alt-quinoxaline(PIDT-
PhanQ):PC[71]BM and a polythieno[3,4-b]thiophene-alt-
benzodithiophene (PTB7:PC[71]BM) as front and rear sub-cells, 
respectively. The tandem PSCs with MoO3/Ag/PFN as ICL exhibited 
high performance with a VOC of 1.60 V, a JSC of 9.95 mA cm-2, a FF of 
0.68, leading to a PCE of 10.62 % under AM 1.5 100 mWcm-2 
illumination. A thin Ag layer incorporated in the ICL provided with both 
reflective and micro-cavity effects to the rear sub-cells which improved 
the JSC of the PSC devices. However, optimisation of a thin Ag layer 
may require an optical model to achieve high photocurrent. 
(iv) Using the solvent treatment on top of the m-PEDOT:PSS to remove 
excessive surfactant which may improve the conductivity of the ICL, FF 
and VOC of the tandem PSC devices.37 
 
Apart from the development of the ICL, a new donor/acceptor can also increase 
the photovoltage of the organic solar cell device. For example Liu et al.,38 reported a 
spirobifluorene (SF) core with four benzene end-capped with diketopyrrolopyrrole 
SF(DPPB)4 blending with the poly(3-hexyl-thiophene) (P3HT) with an increase of the 
photovoltage up to 1.14 V.  Whereas, indaceno [1,2-b:5,6-b0] dithiophene 2-(3-oxo-2,3-
dihydroinden-1-ylidene) malononitrile or (IEIC) were also blended with Poly[4,8-bis(5-
(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b']dithiophene-2,6-diyl-alt-(4-(2-
ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)] or (PTB7-Th) 
giving a high photovoltage up to 0.95 V. Thus, using both donor/acceptor systems, the 
photovoltage of the tandem device can also go up to almost 2.0 V which is the highest 
VOC that can obtain from double junction PSC, when using the MoOx/Ag/PFN as an ICl. 
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To maximise the photocurrent of tandem PSC, current matching of the front and 
rear sub-cells is also needed via an optical model to guide fabrication for the optimum 
thickness of both sub-cell for achieving high photocurrent of tandem PSC. 
Apart from the solar cell side, the electrocatalyst side should also be improved. 
As many researchers suggested, the HER occurred at a lower over-potential than those 
of the OER at the anode.3,13,39,40  
Therefore, many research efforts have been dedicated to the development of 
OER catalysts with the aim of achieving high electrocatalytic stability and activity such 
as iridium oxide, 41 NiFe layered double hydroxide electrodes37.  A combination of low 
over-potential for OER and HER catalysts is required to match the low FF solar cell. 
Minimising the PEC cost is also important; the alkaline electrolyte allows the use of 
metal oxide instead of precious metal like Pt as the electrocatalyst. Therefore, to 
produce low cost hydrogen fuel from multi-junction polymer solar cells, both multi-
junction polymer solar cell and electrocatalyst require further development.  
7.4 Conclusion 
Two types of solar cells have been utilised for water electrolysis. A high 
photovoltage beyond 2.40 V of the GaInP/GaAs/Ge solar cell is sufficient to drive the 
water electrolysis reaction for all of the pH ranges. A high FF may lead to the operating 
potential shifting close to the VOC of the GaInP/GaAs/Ge solar cell. The pH of the 
electrolyte affected the water electrolysis reaction kinetics of the Pt electrode. The triple 
junction GaInP/GaAs/Ge solar cell connected in series with platinum electrode showed 
the highest %STH at 3.68 % in the 0.1 Na2SO4 pH1 under 100 mW cm-2 white light 
illumination.  
In contrast, using surfactant modified PEDOT:PSS coated on top of the PEI layer 
as the ICL of the homo-tandem PSC afforded a VOC of 1.52V. The photovoltage above 
1.5V is higher than the thermodynamic requirement for water electrolysis reaction. The 
low FF led to the low operating voltage 1.3V and low operating current (~2µA cm-2). 
The H2 evolution could not detect which possible reasons originate from the 
concentration H2 being lower than the detection limit of the GC.  
Therefore, the homo-tandem PV requires further optimisation to improve the FF 
of the device while a lower over-potential electrocatalyst is required.  
Furthermore, the water electrolysis with two Pt electrodes is good for a proof of 
concept purpose. However, the Pt is not a good catalyst for the oxygen evolution 
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reaction. Furthermore, for further development, the solar cell driven water splitting 
device should be up scalable at low cost. Therefore, the use of precious metals should 
be avoided. An electrocatalyst needs to be developed with the aim of reducing the over-
potentials during water electrolysis. 
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CHAPTER 8 
CONCLUSIONS AND FUTURE DIRECTIONS  
8.1 Conclusion 
The sun is a suitable energy source to produce enough energy to fulfil the 
terawatts challenge of the global energy demand. However, solar power really depends 
upon the weather of each day, which is unpredictable. The different usage time, place 
and generation of solar energy, therefore, requires the development of energy storage 
technologies.  
In PECs devices, using sunlight as the only input to perform the water splitting 
reaction into hydrogen and oxygen, the integration of the solar cell, electrocatalyst and 
electrolyte are needed. Some certain characteristics such as being up-scalable, 
abundance of the required materials, economy, robustness and high efficiency are a 
must-have for the device to be industrialized. Polymer solar cells (PSCs) are promising 
technologies that meet these requirements; such as their potentially low cost via solution 
processing. Fully solution processability of a solar cell (e.g. Roll-to-Roll printing) is 
commercially attractive due to the benefit of high throughput at low cost. The challenge 
is to find materials that possess these characteristics and that can be optimised for both 
optical and electronic properties for thin multilayer stacking from solution without 
damaging the underlying layers.  
The aim of this PhD project is to achieve water splitting by utilising a 
multijunction polymer solar cell with sufficiently high open circuit voltage. Much effort 
was spent to increase the voltage output of single junction solar cells by developing new 
interfacial layers. The knowledge gained from these studies was used to develop a 
homo-tandem polymer solar cell with high open circuit voltage. 
The first step to achieve this goal involved a novel solution processable electron 
interfacial layer being created and optimised (Chapter 3). Three in-house solution 
processable electron interfacial layers have been explored in terms of the extent of their 
influence on the VOC of polymer solar cells. Compared to the fabricated without electron 
interfacial layer, inserting either TiOx or PEI interfacial layers gave the similar result 
with a higher VOCs of 860-88mV, as opposed to 820 mV to PSC respectively.  
 
 
284  
 
TiOx and PEI gave a similar result with an increase of the VOC from 820 to 860 
and 880 mV respectively, while the JSC remain similar when compared with the 
fabricated polymer solar cell without the electron interfacial layer. The increase of the 
VOC in both TiOx and PEI originate from the better energy alignment and the hole 
blocking at the aluminium side. 
Furthermore, a new electron interfacial layer was created using a bilayer of TiOx 
and PEI (TiOx-PEI) layer. The new layer showed an excellent performance by 
increasing both VOC and FF further, leading to an impressive PCE of 6% (the best 
6.7%). The increase of the VOC and FF of the TiOx-PEI layer can be attributed to the 
better work function alignment and better blocking of the charge recombination at the 
active layer/ electrode interface as suggested by charge extraction and photovoltage 
decay measurements in Chapter 6.  
An extra-photocurrent in simulated white light illumination was observed when 
comparing the EQE measurements for all of the PSCs that use a PEDOT:PSS as an 
interfacial layer. The origin of an extra-photocurrent was attributed to charge collection 
from a device area outside of the geometric area defined by the overlap of the top metal 
and PEDOT:PSS coated on the ITO contact.  
A decrease of the photocurrent was observed in the PSC device using an electron 
interfacial layer as optical spacer. The decrease of photocurrent in the PSC which 
utilized an EIL is possibly due to the reduction of light absorption in the active layer.  
In order to achieve the development of a high photovoltage homo-tandem 
polymer solar cell for splitting water, the ICL is a critical component of a tandem 
polymer solar cell. Chapter 4 presents the effect of adding a non-ionic surfactant; to 
improve the surface wetting/coverage of the ICL on the active layer as well as improve 
mechanical robustness to protect the underneath active layer from the top active layer 
deposition.  The ICL constructed using TiOx/m-PEDOT: PSS showed a reasonable 
solvent barrier with high optical transparency but low conductivity.  
Homo-tandem PSC devices have been successfully fabricated by systematically 
varying interconnecting layer thicknesses. The photovoltaic performance, JSC, FF, VOC 
of homo-tandem PCS with ICLs prepared using triton-x 100 modified PEDOT: PSS 
incorporated with: (i) TiOx and (ii) PEI with the aim of increasing the open circuit 
voltage was systematically investigated.  
The ICL constructed from PEI/m-PEDOT: PSS showed a good solvent barrier 
and has high optical transparency and higher conductivity than the TiOx/m-PEDOT: 
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PSS ICL. The homo-tandem PSC PEI and m-PEDOT: PSS as an interconnecting layer 
achieved a high VOC of 1570 mV which does exceed the thermodynamic requirement to 
split water, while the homo-tandem device PSC using TiOx incorporated with m-
PEDOT: PSS afforded a VOC of 1240 mV. 
A molybdenum oxide (MoOx) HIL was developed as an alternative HIL for use 
instead of PEDOT: PSS (Chapter 5). The water-based MoOx solution was synthesised at 
room temperature by the simply mixing molybdenum (VI) oxide and ammonium 
hydroxide, and the resulting HIL showed a higher transparency than the PEDOT:PSS 
layer.  
Understanding of the possible contributions from work function alignment and / 
or reduced surface recombination that lead to increased charge density can be realised 
by using charge extraction measurements. These are powerful tools that will benefit the 
design of organic solar cells; by clarifying the role of interfacial layers in the device 
operation of organic solar cells and facilitating the further development of interfacial 
layers for improved performance.  
The PSC fabricated from the MoOx gives a comparable device efficiency to the 
PSC using PEDOT:PSS as an HIL. In Chapter 6, the similar steady state and transient 
photovoltage at the same charge density suggest that the work function alignment is 
quite similar between PEDOT:PSS and MoOx. Charge extraction measurements 
revealed faster recombination in devices using the MoOx layer, which was the reason 
for the lower FF and suggests that the MoOx layer was not be as effective in reducing 
surface recombination as PEDOT:PSS. 
The photovoltaic performance, JSC, FF, VOC of homo-tandem PSCs with ICLs 
prepared using MoOx in combination with (i) TiOx and (ii) PEI with the aim of 
increasing the open circuit voltage of the PSCs was systematically investigated. Both 
ICLs have high optical transparency (above 88 %T) and are, therefore, more beneficial 
than PEDOT:PSS.  The active layer solution barrier of two MoOx based ICLs was also 
investigated. The ICL constructed using TiOx/MoOx or PEI/MoOx showed them to be 
poor solvent barriers after 1,2 dichlorobenzene treatment; demonstrating that, contrary 
to PEDOT:PSS based ICLs, solution deposited MoOx layers in ICLs were not robust 
enough to prevent the dissolution of the first active layer during the deposition of the 
second sub-cell.  
The fabricated homo-tandem PSC with TiOx/MoOx or PEI/MoOx usually 
showed JSC less than 50% of the single junction PSC value. One of the possible reasons 
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for this is the lack of light absorption in the 2nd sub-cell due to light absorption by the 
first sub-cell, which limited the current output of the tandem PSC.  
The existence (or the lack of) an ohmic contact forming between the EIL and the 
HIL was investigated by using simple diode structures. 
However, the penetration of active solution through the ICL during the device 
fabrication may disturb charge carrier selectivity of the ICL between the two sub-cells, 
and thus the charge recombination loss has been increased. Therefore, this could be part 
of the reason for the lower VOC than expected. 
Chapter 6 aims to find the dominant mechanism influencing the performance of 
PSCs by separating the blockage of surface recombination, adjusting the work function 
of electrode interface via the interfacial layer of the PSC, answering the remaining 
questions that are related to the differences in device efficiency obtained in Chapters 3 
and 5. Also, further questions not yet answered in the literature arise from the studies of 
HIL and EIL for polymer solar cells including:  
(1) What is the main effect (work function alignment or changing surface 
recombination) of inserting PEDOT:PSS hole interfacial layer in polymer solar cells 
compared with using only bare ITO electrodes?  
(2) Can the well-known beneficial effects of using PEDOT:PSS hole interfacial 
layer be substituted by using an electron interfacial layer instead? Removal of 
PEDOT:PSS may improve device stability since PEDOT:PSS tends to be hygroscopic 
and acidic.  
Therefore, five types of device structures are designed to answer the above 
questions. These are:  
(1) Using PEDOT:PSS as the interfacial layer.  
(2) Using both PEDOT:PSS and TiOx-PEI electron interfacial layer. 
(3) Both MoOx and TiOx-PEI. 
(4) Without interfacial layers. 
(5) An electron interfacial only. 
The PSC devices were fabricated and compared based on results acquired from 
current-voltage measurements, charge extraction and photovoltage decay 
measurements. Comparison between using both hole and electron interfacial layers 
(PEDOT:PSS and TiOx-PEI) and using a single PEDOT:PSS layer in the PSC device 
showed that the highest performance and photovoltage were obtained from the former 
device. The superior performance of the PSC device that used both hole and electron 
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interfacial layers can be attributed to the better alignment of the electrode work function 
close to the HOMO of the PCDTBT donor and LUMO of the PC[71]BM acceptor.  
Using both hole and electron interfacial layers together increases the charge 
carrier lifetime compared with using single interfacial layer devices. The increased 
charge carriers are responsible for better blocking of the charge recombination. 
Comparison amongst using both MoOx and TiOx-PEI (B) with PEDOT:PSS, and 
TiOx-PEI layer (A2) using MoOx layer in PSC devices led to shorter charge carrier 
lifetimes than that of the PEDOT:PSS  device; suggesting that the MoOx layer is not as 
effective as PEDOT:PSS in blocking surface recombination. 
Comparing between using PEDOT:PSS and without the interfacial layer in 
devices shows that inserting the PEDOT:PSS leads to a significant improvement in the 
device performance by an order of magnitude (from 0.5% - 5%). Inserting the 
PEDOT:PSS layer increases the charge carrier lifetime compared with the without 
interfacial layer device; which is a sign of a better blocking of charge recombination. 
The voltage gain due to work function modification at the hole contact side (ΔVoch’) 
was found to be VOCA1’ -VOCC’=0.2 V, by using a PEDOT:PSS hole interfacial layer. 
While the voltage gain due to increasing charge carriers is ΔVoch - ΔVoch’= 0.59 V – 0.2 
V = 0.39 V. 
Finally, TiOx-PEI can be employed as a single interfacial layer which affords 
similar device performance and charge carrier lifetime as the device that uses only 
PEDOT:PSS. Furthermore, the voltage gained from an increasing charge carrier density 
by using of TiOx-PEI is similar to that from using a PEDOT:PSS layer; as ΔVoce - 
ΔVoce’ = 0.64 V - 0.26 = 0.38 V. These results are further confirmation that the 
employment of PEDOT:PSS layer hole interfacial layer alone can be replaced by using 
a TiOx-PEI electron interfacial layer. 
Chapter 7 aims to answer the question of whether the best homo-tandem PSC 
had sufficient photovoltage to drive water electrolysis under 100 mW cm-2 light 
illumination. To answer this question, the best homo-tandem PSC in Chapter 4 was 
tested for water splitting application. Also, a commercial GaInP/GaAs/Ge solar cell was 
used as a benchmark device and compared with the best homo-tandem PSC. With a Pt 
catalyst electrode, the effect of electrolyte pH on the PEC performance was also 
investigated, with the aim of reducing the threshold potential to realise water 
electrolysis by using a homo-tandem PSC. A high photovoltage beyond 2.40 V of the 
GaInP/GaAs/Ge solar cell is sufficient to drive the water electrolysis reaction for all the 
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pH ranges, however the highest %STH of 3.68% can be obtained from the electrolyte 
pH1. In contrast, the homo-tandem PSC afforded a VOC of 1.52V. However, based on 
the result, the homo-tandem PV requires further photovoltage to compensate for the 
over-potential for water electrolysis of the Pt electrode. However, seeking a low over 
potential catalyst is also required.  
8.2 Future directions 
This thesis aims to realise a tandem polymer solar cell with reduced dependence 
on in vacuo processing as much as possible.  From Chapter 3, a novel electron 
interfacial layer has shown promising results of improved VOC and FF of a polymer 
solar cell based on a PCDTB:PC[71]BM mixture. Because the photoactive layers’ 
thicknesses of polymer solar cell are usually thinner (~100 nm) than the wavelength of 
visible photons, PSC structures form an optical cavity with incident light reflected from 
the aluminium cathode. Inserting a thin electron interfacial layer between the active 
layer and aluminium may affect the light absorption within the device. Therefore, an 
optical model is a powerful guideline for fabrication in practice. Thus, to improve the 
photocurrent in the single junction device, all the layer thicknesess should be guided by 
an optical model.  
The interconnecting layer is a critical component to realise fabrication of a 
tandem solar cell based on organic material. The interconnecting layer should meet 
these three requirements, including: 
(i) Sufficient mechanical robustness against damage done by the top layer 
deposition. 
(ii) High electrical conductivity as well as affording a good recombination zone 
for electron and hole from the 1st and 2nd sub cells. 
(iii) High optical transparency to minimise photon loss from the 1st sub-cell. 
Thus, the ICL requires further optimisation, such as: 
(v) Changing the solvent and the concentration of the PEDOT:PSS solution 
to improve the wettability of the PEDOT:PSS.  
(vi) Doping of the HIL and EIL material for constructing the interconnecting 
layer. 
(vii) Inserting of thin metal layer such as silver between EIL and HIL to serve 
as a better recombination centre for both electron and hole from front and 
rear sub-cells. However, to realise a a fully solution process, printing the 
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Ag nanowire or graphene may be considered to enhance the conductivity 
of the ICL. 
(viii) Using the solvent treatment on top of the m-PEDOT:PSS to remove 
excessive surfactant which may improve the conductivity of the ICL, FF 
and VOC of the tandem PSC devices.   
(ix) Furthermore, an n-type conjugated polyelectrolyte such as poly[(9,9-
bis(3′-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-5,5′-bis(2,2′-
thiophene)-2,6-naphthalene-1,4,5,8-tetracaboxylic-N,N′-di(2-
ethylhexyl)imide] (PF3N-2TNDI)  or poly[(9,9-bis(3-(N,N-
dimethylamino)-propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctyl-fluorene)] 
(PFN) showed excellent mechanical robustness with good conductivity. 
Therefore, integration of PEDOT:PSS should form an efficient ICL for 
tandem devices as seen from literature. 1,2   
 
Apart from the development of the ICL, a new donor/acceptor can also 
increase the photovoltage and maintain the high JSC of the organic solar cell 
device by using wide band with deeper HOMO levels donor are coupled with 
LUMO levels of the small molecule acceptors. For example Liu et al.,3 reported 
on a spirobifluorene (SF) core with four benzene end-capped with 
diketopyrrolopyrrole SF(DPPB)4 blended with the poly(3-hexyl-thiophene) 
(P3HT) which showed an increase of the photovoltage up to 1.14 V.  Whereas, 
indaceno [1,2-b:5,6-b0] dithiophene 2-(3-oxo-2,3-dihydroinden-1-ylidene) 
malononitrile or (IEIC) when also blended with Poly[4,8-bis(5-(2-
ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b']dithiophene-2,6-diyl-alt-(4-(2-
ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)] or (PTB7-
Th) can also give a high photovoltage up to 0.95V. Another example, Li et al., 
reported wide band gap  donor polymer ( benzo[1,2-b:4,5-b′]dithiophene (BDT)-
based polymers called PDTB-EF-T) with a deep HOMO level called  coupled 
with fluorinated small molecule acceptor called 3,9-bis(2-methylene-((3-(1,1-
dicyanomethylene)-6,7-difluoro)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-
dithieno[2,3-d:2’,3’-d’]-s-indaceno[1,2-b:5,6-b’]dithiophene (IT-4F) which 
showed an increase of the photocurrent of 20.73 mA cm-2 while keeping the VOC 
of 0.9 V led to high PCE of 14.2%. Thus, using both donor/acceptor systems, the 
photovoltage of the tandem device can also be improved to almost 2.0V, which 
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is the highest VOC that can be obtained from a double junction PSC, when using 
the MoOx/Ag/PFN as an ICL. 
Furthermore, another approach proposed to improve the PCE (both VOC and JSC) 
is to use a different band gap polymer donor as the active layer in a multijunction 
configuration such as using a wide bandgap polymer (e.g.P3HT), a middle bandgap 
polymer (e.g. PCDTBT or PTB7) and a low bandgap polymer (e.g. pDPP5T-2). Also, a 
challenge for a tandem PSC device is current-matching. The optical model could be a 
useful guideline for current-matching within the tandem device which requires an 
enormous amount of work for device optimisation. 
 
Apart from the solar cell side, the electrocatalyst side should also be improved. 
As many researchers suggest, the HER occurred at a lower over-potential than those of 
the OER at the anode.  
Therefore, many research efforts have been dedicated to the development of 
OER catalysts with the aim of achieving high electrocatalytic stability and activity; such 
as iridium oxide, NiFe layered double hydroxide electrodes.  A combination of low 
over-potential for OER and HER catalysts is required to match the low FF solar cell. 
Minimising the PEC cost is also important; the alkaline electrolyte allows the use of 
metal oxide instead of precious metal like Pt as the electrocatalyst. Therefore, to 
produce low cost hydrogen fuel from multi-junction polymer solar cells, both multi-
junction polymer solar cell and electrocatalyst require further development.  
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Appendix A  
 
Figure A.1 XRD of TiOx layers on the glass slide 
Figure A.1 shows the XRD pattern obtained from TiOx film cast on a glass slide. The 
x-ray diffraction experiment was performed from 10 thetas to 70 thetas. Comparing 
between room temperature TiOx film and annealed film, the room temperature film 
shows broad XRD pattern which suggests that the TiOx film is amorphous. After 
annealing at 450 ○C for 1 hour, the TiOx film shows diffraction peaks at 25.54, 38.06, 
48.36 indicating a TiO2 anatase phase.1 Low crystallinity of TiOx may be one of the 
reasons why fabricated TiOx PSC has poorer JSC than the device with no electron 
interfacial layer. 
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Figure A.2 the XRD pattern obtained from MoOx film cast on a glass slide 
Figure A.2 shows comparison of the XRD pattern obtained from MoOx film cast 
on a glass slide with 150C and 450C. It is seen that the MoOx film treat at 150C 
showed amorphous film while the MoOx film treat at 450C high crystallinity film. This 
is a possible reason for lower device efficiency in MoOx devices. 
 
Reference  
(1) Etacheri, V.; Seery, M. K.; Hinder, S. J.; Pillai, S. C. Highly Visible Light 
Active TiO2−xNxHeterojunction Photocatalysts. Chemistry of Materials 2010, 22, 
3843-3853. 
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Appendix B 
 
Figure B.1 AFM images of ITO surface deposited with various interfacial layer A) pristine ITO, B) PEDOT:PSS, C) 
2 mg cm-3 MoOx , D) 4 mg cm-3 MoOx  E) 6 mg cm-3MoOx,, F) 8 mg cm-3MoOx. 
 
To understand the surface morphology the MoOx film, AFM were performed to observe 
the morphology characteristics of solution processable MoOx. Figure B.1 shows AFM 
images of the ITO film before and after deposition with the hole interfacial layer.  
It is clear that the surface the ITO surface is very rough (Figure B.11 (A)).  
Deposition of the PEDOT:PSS the surface morphology has changed with a smoother 
surface with a roughness of 1.5nm.  Deposition of the 2,4,6 or 8 mg cm-3 MoOx 
solution, the surface morphology the ITO has changed whit a similar roughness with the 
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ITO(~2-3nm). These resulted suggests that using PEDOT:PSS can smoothen the ITO 
substrate surface effectively while the MoOx may need more optimisation. 
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Appendix C 
 
Figure C.1 EQE spectra of PSCs using various  interfacial layer measured in the dark 
Figure C.11 shows a comparison of the external quantum efficiency (EQE) 
spectra of the PSCs devices using PEDOT:PSS and MoOx as HIL and TiOx-PEI as EIL. 
The calculated JSC, obtained from the integration of the EQE spectra from 300 nm to 
800 nm, is included in Table 5.4 in chapter 5. 
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Appendix D 
 
Figure D.1 UV-absorption of pristine PCDTBT film 
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Appendix E 
 
Figure E.1 Typical calibration curves of the GC, peak area as a function of the amount of the H2 gases.  The 
calibration curve can be used to calculate the volume of gas generated during the test. The volume of H2 produced 
can be determined by extrapolation from the peak.  
 
